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Living tissues consist of groups of cells organized in a controlled manner to perform a 
specific function. Spatial distribution and organization of cells within a three-
dimensional matrix is critical for the success of any tissue engineering construct. 
Fibers endowed with cell-encapsulation capability would facilitate the achievement of 
this objective. Here we report the synthesis of a cell-encapsulated fibrous scaffold by 
interfacial polyelectrolyte complexation (IPC) of methylated collagen and a synthetic 
terpolymer (methacrylic acid, hydroxyethyl methacrylate and methyl methacrylate). 
Both natural and synthetic polymers were chosen with the intention of synergising the 
merits of both polymer types to produce fibers with the desired complementary 
properties. The collagen component was found to be well distributed in the 
polyelectrolyte complex (PEC) fibers, which had a mean ultimate tensile strength of 
244.6 ± 43.0 MPa.  
The ambient operating conditions of this IPC technique permit the encapsulation of 
human mesenchymal stem cells (hMSCs) within the PEC fibers and they have 
remained viable. Cultured in proliferating medium, human mesenchymal stem cells 
(hMSCs) encapsulated in the fibers showed higher proliferation rate than those seeded 
on the scaffold. Gene expression analysis revealed the maintenance of multipotency 
for both encapsulated and seeded samples up to 7 days as evidenced by Sox 9, CBFA-
1, AFP, PPARγ2, nestin, GFAP, collagen I, osteopontin and osteonectin genes. 
Beyond that, seeded hMSCs started to express neuronal-specific genes such as 
aggrecan and MAP2.  
Polypyrrole polymer was incorporated into the PEC fibers to produce a collagen-based 
electroactive fiber system. hMSCs and mouse skeletal cells C2C12 were cultured on 
vi 
 
these fibers under an electrical stimulation. Both cell lines showed increased 
proliferation over a period of 5 days. Immunofluorescent staining of hMSCs showed 
an upregulation of synaptophysin, indicating the establishment of synapse and 
electrical communication between cells. Upregulation of connexin 43 and myosin 
heavy chain proteins and Troponin I and F-actin striations were observed in C2C12 
cells. The studies suggest that the electroactive PEC fibers could support the neuronal 
and skeletal differentiation of hMSC and C2C12 respectively. 
In conclusion, the study demonstrates the appeal of IPC for scaffold design in general 
and the promise of collagen-based and electroactive collagen-based hybrid fibers for 
tissue engineering in particular. It lays the foundation for building fibrous scaffold that 
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Chapter 1: Introduction 
The design of biomaterials is important in the field of tissue engineering and 
regenerative medicine. Since the development of tissue engineering scaffolds, there is 
a need for these constructs to function more than just a mechanical support for cellular 
attachment and proliferation. Ideally, tissue engineering scaffolds need to provide an 
optimal biochemical microenvironment to stimulate or direct cellular migration, 
differentiation, expression of extracellular matrix proteins and new tissue formation. 
Hence, the properties of the scaffolding materials are crucial in determining the 
success of many tissue engineering applications. 
The general tissue engineering paradigm is illustrated in Figure 1.1 where cells are 
seeded onto a scaffold and with the addition of appropriate growth factors;  the 
construct matures in vitro in a bioreactor where the cells proliferate and excrete 
extracellular matrix to form a “new” tissue [1]. The construct is implanted in the 
appropriate anatomical position to regenerate normal tissue structure and function. In 
the recent years, it has been noted that scaffolds have to provide biological cues apart 
from providing a mechanical support and architecture for neo tissue formation. 
Mechanical and electrical stimuli have also been added to the paradigm; as studies 
have shown that addition of such stimulus have significant influences on the successful 
outcome of the cell-scaffold construct. The effects of these stimuli will be explored in 
Chapter 2.  




Figure 1.1: Tissue engineering paradigm 
 
We hypothesize that developing a collagen based biofunctional fibrous scaffold which 
permits the encapsulation of cells within its matrix would be ideal for providing the 
necessary environment and biological cues for the fulfillment of a successful tissue 
engineering scaffold. The hypothesis is based on the following observations: First, 
adhesion to the extracellular matrix [2] is essential for the survival of most cell types 
and the growth and phenotypic behaviour of cells are, to a certain extent, regulated by 
the morphology they adopt and its interaction with its microenvironment. Collagen is 
the most prevalent structural protein in the body and has been widely used in tissue 
engineering scaffolds because it supports the adhesion of a wide variety of cell types 
[2, 3]. The incorporation of collagen in the fibers will provide the necessary adhesion 
molecules for the adherence and anchorage of cells. Second, the incorporation of 
biologics such as cells into fibers provides added biofunctionality and each fiber layer 
incorporated with different cell types can serve as a basic unit in forming a complex 
3D tissue engineering construct.  
                                                                                                    Chapter 1: Introduction 
 
  Page 3 
The focus of this work is to design and synthesize a novel fibrous material imbued 
with collagen type I and cells to improve the performance of tissue engineering 
scaffolds. In order to successfully incorporate cells into the fibers, synthesizing fibers 
in mild aqueous conditions is necessary. Interfacial polyelectrolyte complexation (IPC) 
technique is employed because it permits the synthesis of polyelectrolyte complex 
fibers (PEC) in aqueous conditions and at room temperature.  
PEC fibers are produced by the complexation of two oppositely charged 
polyelectrolytes at the interface. A cationic methylated collagen polyelectrolyte and an 
anionic terpolymer of methyl methacrylate, hydroxyethyl methacrylate and 
methacrylic acid (MMA-HEMA-MAA) polyelectrolyte were synthesized and used to 
fabricate collagen based PEC fibers. The choice of polyelectrolytes was based on 
synergising the merits of both natural and synthetic polymers to produce a fiber that 
have the complementary properties of both. Fibrous biomimetic materials are popular 
candidates because they provide a 3D microenvironment with high surface area-to-
volume ratio, offer the potential of presenting biological cues in a temporally and 
spatially controlled manner, and impart a controlled porous architecture for efficient 
waste/nutrient exchange and cell migration [4-8]. 
Human mesenchymal stem cells (hMSCs) were successfully encapsulated into the PEC 
fibers and a fibrous scaffold with a 3D spatial distribution of cells within the matrix 
was formed. This spatial distribution of cells in a 3D matrix is important for 
controlling cellular functions and neo tissue synthesis and it addresses the issue of 
ineffective cell infiltration observed in nano fibrous scaffolds [9, 10]. The encapsulated 
hMSCs were found to be viable for at least 21 days in culture and the encapsulation 
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process did not drive the cells into a specific differentiation lineage. Therefore this 
drives forward the possibility of creating a truly biofunctional scaffold for the basis of 
a complex tissue construct.  
The potential application of this PEC fiber system was explored further with the 
incorporation of polypyrrole, an electroactive component. As electrical stimulation is 
one of the components in the Tissue Engineering paradigm, the successful 
encapsulation of polypyrrole within PEC fibers was crucial to produce a collagen-
based electroactive fiber which could direct and influence cells that are sensitive to 
electrical stimulation, particularly in neural and muscle tissue engineering. The 
polypyrrole incorporated PEC fibers were characterized and studied. Mouse skeletal 
cells C2C12 and hMSCs were seeded on the electroactive PEC fibers and stimulated 
for 5 and 10 days and the effect of the stimulus on the differentiation and cell-cell 
interaction was investigated. 
The organization of the thesis is as follows: 
Chapter 2 covers the literature review on tissue engineering scaffolds; the cell-scaffold 
interactions and the various scaffold fabrication techniques. Studies on the 
encapsulation of cells in gels; patterning and immobilisation of cells on substrates, cell 
infiltration into scaffolds and electroactive materials for tissue engineering will be also 
presented.  
Chapter 3 presents the synthesis of the polyelectrolytes and the fabrication of collagen-
terpolymer PEC fibers and the polypyrrole-incorporated collagen-terpolymer PEC 
fibers. A device prototype which was built in-house for the mass fabrication of PEC 
fibers will also be presented and discussed.  
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Chapter 4 presents the characterization of collagen-terpolymer PEC fibers and 
polypyrrole incorporated collagen-terpolymer PEC fibers. The characterization study 
seeks a deeper understanding and assessment of the collagen-terpolymer PEC fibers.  
The mechanical properties of the PEC fibers were evaluated with a nano tensile tester 
and the fiber surface morphology with an atomic force microscope (AFM). Primary 
antibodies against Collagen Type I was used to investigate the collagen distribution in 
the fibers.  
Chapter 5 presents the seeding and encapsulation of hMSCs in PEC fibers. The cell 
concentration effects on fiber formation and the cytoskeletal organization of the 
encapsulated cells will be evaluated and compared with cells seeded onto the PEC 
fibers. The gene expressions of the encapsulated and seeded hMSCs will also be 
discussed. A brief introduction on reverse-transcription polymerase chain reaction 
(RT-PCR) and the resolved DNA gel results will be presented. 
Chapter 6 covers the electrical stimulation studies of C2C12 and hMSC cells seeded 
on polypyrrole incorporated PEC fibers and the effects of the stimulation on its 
differentiation and contractibility.  
Chapter 7 covers the conclusions and recommendations for future work. 
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Chapter 2: Literature Review 
2.1 Introduction of Tissue Engineering  
Tissue or whole-organ transplantation is one of the few options available for patients 
with diseased and failing organs. For the past century, immunosuppressive drugs and 
advanced surgical procedures have helped paved the road to organ transplantations 
[11] and liver, heart, kidney, blood vessel, skin and bone transplantations became a 
reality. However, organ transplantations face a severe limitation: the number of 
patients needing an organ transplant far exceeds the supply of donor organs and tissues 
available. This severe organ shortage led to the inception of Tissue Engineering. 
Tissue Engineering is about developing new approaches to encourage tissue growth 
and repair based on the basic science of organ development and wound healing [11, 
12]. The objectives of Tissue Engineering are to optimize the isolation, proliferation 
and differentiation of cells; to grow them in biomimetic scaffolds under controlled 
culture conditions [13] to deliver the construct to the desired site and to direct new 
tissue formation into the scaffolds [14]. Some of the successes of Tissue Engineering 
include: engineering of artificial skin [15] to help burn victims and diabetic patients 
with ulcers and the implantation of chondrocytes for articular cartilage repair [16] in 
sports athletes, especially footballers.  
Despite achieving some of the milestones in organ engineering, there are several 
challenges that still remain for the successful clinical translation of the laboratory 
research to make tissue engineering a reliable route for tissue/organ regeneration. 
There is a lack of biomaterials with the desired mechanical, chemical and biological 
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properties for its intended applications and there is no renewable source of functional 
cells that is immunologically compatible with each patient [17]. It is also extremely 
challenging to produce large, vascularised tissues that can integrate with the host 
native tissues.  
2.2 Biomaterials for Tissue Engineering  
Biomaterials is one important component in tissue engineering and regenerative 
medicine and the applications of these materials have been tremendous, ranging from 
sutures; drug and gene carriers to constructs for the replacement or regeneration of 
specific tissues or organs. This diversity and sophistication of materials currently used 
in medicine is testimony to the significant technological advances over the past two 
decades [1]. The evolution and “breakthrough” originated from the collaboration 
between a cluster of scientists and physicians who recognized the need for new and 
improved materials, implants and devices and the challenges and opportunities 
involved. With the breaking of barriers between traditional fields and integration of 
chemistry, physics, materials science, medicine and engineering, a wide range of new 
and exciting biomaterials emerged. The following section will discuss the 
requirements and classification of the biomaterials and the applications in various 
aspects of tissue engineering. 
2.2.1 Requirements and Classification of Biomaterials 
The requirements of biomaterials can be grouped into four categories [1]; (i) 
biocompatibility, where the material must not induce an extensive inflammatory 
response from the host. (ii) sterilizability: the material must be able to undergo 
sterilization, (iii) functionality, where the material can be shaped or moulded easily to 
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its desired shape and (iv) manufacturability, where the manufacturing process of the 
medical device should be feasible and economical.  
Biomaterials can be broadly classified into biological biomaterials and synthetic 
biomaterials. Biological materials can be classified into soft and hard tissue types, such 
as skin, tendon, pericardium, cornea and bone, dentine, cuticle respectively. For 
synthetic biomaterials, they are classified further into polymeric, metallic, ceramic and 
composite materials.  
Metallic biomaterials 
Metallic biomaterials are mainly used as orthopaedic and orthodontic implants such as 
joint prostheses, bone cement accessories, bone fixation screws; dental implants, 
craniofacial plates. Beside these, metallic implants and devices are also used in cardio 
and thoracic surgeries such as parts of the artificial hearts, pace markers, balloon 
catheters, valve replacements and aneurysm clips.   
The material compositions of metallic biomaterials can be further classified into (i) 
stainless steel, (ii) cobalt-based alloys and (iii) titanium based alloys. To understand 
the use and applications of metallic biomaterials in medicine, we need to understand 
the properties of each alloy system in terms of micro-structure and its processing 
history [1]. The chemical, microstructural and crytallographical characteristics of 
phases in each alloy system, the quantities, distribution and orientation will have its 
effects on the material mechanical, chemical and surface properties. These would 
indefinitely have its effects on each material performance in the physiological 
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environment. The properties and applications of each alloy systems will be explored in 
the said aspects as follows:  
(i) Stainless steel 
The most commonly used stainless steel is 316L (ASTM F138, F139), grade 2. This 
steel composition has less than 0.030% (wt. %) carbon in order to reduce the 
possibility of in vivo corrosion. The “L” denotes low carbon content and the alloy is 
predominantly iron (60-65%) alloyed with 17-19% chromium, 12-14% nickel and 
minor amounts of nitrogen, manganese, molybdenum, phosphorous, silicon and 
sulphur. 
Each component was added with a purpose. For instance, the key function of 
chromium is to allow the development of corrosion-resistant steel by forming a 
strongly adherent surface oxide (Cr2O3). However, the presence of chromium stabilises 
the ferritic (body centered cubic) phase which is structurally weaker than austenitic 
(face centered cubic) phase. Molybdenum and silicon are ferrite stabilizers as well and 
thus nickel is added to counter the tendency and stabilise the austenitic phase.  
Stainless steel with low carbon content is necessary because if the carbon content of 
steel exceeds 0.3% significantly, there is an increased danger of forming carbides 
which will precipitate at the grain boundaries and this will deplete the adjacent grain 
boundary regions of chromium. This would severely compromise the formation of the 
protective chromium-based oxide and thus the device will be prone to fail through 
corrosion-assisted fractures that originate at the sensitized grain boundaries.  
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The desired form of 316L should be a single-phase austenite which is carbide and 
ferritic phases free in its microstructure. The recommended grain size number for 316L 
is ASTM #6 or finer and the grain size should be relatively uniform throughout. This is 
to ensure the desired mechanical properties of 316L are maintained. The texture of 
316L in specific orthopaedic devices is preferred to be rough to enhance the 
integration of the device with the bone, especially in hip joint replacement devices. 
(ii) Cobalt-based alloys 
The main attribute of Cobalt-based alloys is corrosion resistance in chloride 
environments, which is related to its bulk composition and the surface oxide.  Different 
processing and forging of the alloys were used to minimize the casting defects which 
will compromise the structural integrity of the alloys and like stainless steel alloys, the 
processing methods were optimized to maintain the grain size for higher yield and 
better ultimate and fatigue properties.  
(iii) Titanium-based alloys 
Ti-6Al-4V alloy is one of the most common titanium-based implant biomaterials. It is 
corrosion resistant because of the stable oxide layer that is adherent to its surface. 
Aluminium and vanadium was added to titanium as both stabilize two different phases 
of the alloy (Hexagonal centered packed and body centered packed respectively). The 
Ti alloy can be treated in a various number of techniques such as heating and cooling 
at different rates to stabilize either phase and to yield different material properties.  
Ceramic biomaterials 
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Ceramics and glasses are generally used to repair or replace skeletal hard connective 
tissues and very often, their successes are dependent on achieving a stable attachment 
to connective tissues. Ceramics are widely used in dentistry as restorative materials 
such as gold-porcelain crowns, glass-filled ionomer cements and dentures.  
Alumina is commonly used in load-bearing hip prostheses and dental implants because 
of its excellent corrosion resistance, good biocompatibility, and high wear resistance 
and high strength [1]. Its wide application in orthopaedic surgeries for the past decades 
stems from largely two factors: its excellent biocompatibility and very thin capsule 
formation which permits cementless fixation of prostheses; and its exceptionally low 
coefficients of friction and wear rates.   
Polymeric biomaterials 
Polymers are long-chain molecules that consist of a number of small repeating units. 
Polymers are synthesized by two general processes, addition polymerization and 
condensation polymerization. Addition polymerization involves the use of an initiator 
to form a free radial which is capable of reacting with a monomer and add to the 
molecular chain with an unpaired electron remaining. This is repeated so that more 
monomers can be added successively to the growing chain and a polymer with a 
desired molecular weight is formed.  
Condensation polymerization is a stepwise intermolecular chemical reaction involving 
more than one monomer species and a small molecular weight by-product such as 
water is formed. This polymerization is significantly slower than addition 
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polymerization and often occurs in tri-functional molecules that can form cross-linked 
and network polymers.  
Polymers offer a broad range of advantages over metals or ceramics. They are 
chemically inertness, has low density, amenable mechanical properties as such 
flexibility, elasticity or rigidity according to needs and the ease of fabrication into 
intricate shapes. Polymeric biomaterials are used in medical disposal supplies, 
prosthetic and dental materials, extracorporeal devices, encapsulants, polymeric drug 
delivery vehicles and more importantly, as tissue engineered products. Examples of 
these polymers include poly lactic acid, poly glycolic acid, poly e-caprolactone and 
polyorthoesters which have been used in the regeneration of skin and bone.  
Polymeric biomaterials used in the regeneration of tissues serve as three-dimensional 
scaffolds for cells and they have to provide optimal biochemical microenvironment to 
stimulate or direct cellular migration, differentiation, expression of extracellular matrix 
proteins and new tissue formation. Therefore, the properties of such biomaterials are 
crucial in determining the success of many tissue engineering applications.  
Tissue engineering scaffolds act as templates for cell remodelling and tissue 
organization. The design and development of scaffolding materials have been 
constantly evolving; having progressed from an inert mechanical support for cellular 
adhesion, proliferation and differentiation [18, 19] to a biodynamic platform where 
they orchestrate the growth of new tissue through the controlled engraftment of 
biological cues such as peptides, proteins and growth factors within their structures 
[14, 20-22]. Fibrous biomimetic materials are popular candidates because they provide 
                                                                                            Chapter 2: Literature Review     
 
  Page 13 
a 3D microenvironment with high surface area-to-volume ratio and biological cues for 
cellular interaction and a controlled porous architecture for efficient waste/nutrient 
exchange and cell migration [16, 20-24]. 
2.3 Scaffold Fabrication Techniques: A Review  
2.3.1 Conventional Scaffold Fabrication Techniques 
Conventional scaffold fabrication techniques [25] are summarized in Table 2.1. 
Though scaffolds can be fabricated easily and cheaply, these have been largely 
unsuccessful in controlling the internal scaffold architecture to a high degree of 
accuracy. These techniques often require the use of toxic binders, denaturing solvents 
or high processing temperatures [13]. Thus they are not suitable for the incorporation 
of bioactive molecules within the scaffolds. 
Table 2.1: Conventional scaffold processing techniques for tissue engineering [25] 
Process Advantages Disadvantages 
Solvent casting and 
particulate leaching 
Large range of pore sizes Limited membrane 
thickness (3mm) 
 Independent control of porosity 
and pore size 
Limited interconnectivity 
 Crystallinity can be tailored Residual porogens 
 Highly porous structures Poor control over internal 
architecture 
Fiber bonding High porosity Limited range of polymers 
 
 Residual solvents  
  Lack of mechanical strength 
Phase separation Highly porous structures Poor control over internal 





Permits incorporation of 
bioactive agents  
Limited range of pore sizes 
Melt moulding Independent control of porosity 
and pore size 
High temperature required 
for nonamorphous polymer 
 
Macro shape control Residual porogens 
Membrane lamination Macro shape control Lack of mechanical strength 
 
Independent control of porosity 




Independent control of porosity 
and pore size 
Problems with residual 
solvent 
 
Superior compressive strength Residual porogens 
High-pressure 
processing 
No organic solvents  Nonporous external surface 
 
 Closed-pore structure 
Freeze drying  Highly porous structures  Limited to small pore sizes 
 
High pore interconnectivity  
Hydrocarbon 
templating 
No thickness limitation Residual solvents 
 
Independent control of porosity 




Electrospinning uses high voltage electrical field to generate nano or microscale fibers 
directly from polymer solutions or melts [7, 8, 26, 27]. The polymer solution at the 
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capillary tip is spun into fine fibers when an electrical field was applied to it. A 
charged jet is ejected towards the metallic collector. The electrically charged 
polymeric fibers were left to dry and a fibrous membrane is formed. It is a simple, 
straightforward, cost effective and scaleable process and at present, electrospinning 
techniques have been reported for the fabrication of biopolymers like collagen [7, 27] 
polysaccharides and DNA [26]. Despite its advantages, polymers are usually dissolved 
in organic solvents before they are electrospun into nano-sized fibers. While meshes of 
fibrous scaffolds can be formed efficiently, it is still difficult to produce fibrous 
scaffolds in aqueous medium and thus encapsulating delicate bioactive molecules and 
cells with this technique are still at its infancy stage.  
 
2.3.3 Interfacial Polyelectrolyte Complexation (IPC) 
Polyelectrolyte complexation between positively and negatively charged 
polyelectrolytes results in interfacial adsorption and formation of a thin, permeable 
polymeric membrane. This membrane has been previously used to provide 
immunoisolation for tissue-engineering constructs [28]. The concept of encapsulation 
by polylelectrolyte complex coacervation has since been applied to achieve a finer 
degree of control over the immobilization of cells in 3D scaffolds. The IPC technique 
has been used to synthesize terpolymer (MMA-HEMA-MAA)-collagen microcapsules 
for the macroencapsulation of hepatocytes for liver regeneration [29]. Likewise, the 
same collagen-terpolymer hydrogel was used to macroencapsulate bone marrow 
stromal cells seeded Cytomatrix scaffolds to increase the seeding efficiency [30]. The 
polyelectrolyte-complex membrane permits the release of cell-derived bioactive agents 
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while maintaining adequate mass transfer. This ensures the survival of encapsulated 
cells and became a novel concept for the controlled release of biologics.  
The use of polyelectrolyte complexes to form structured materials at the micro or 
nanoscale levels can be extended to fiber forms. Fibers are attractive for tissue 
engineering applications because they offer not only advantages of high surface area 
for cell attachment; controlled porous architecture but also a 3-D microenvironment 
for cell-cell contact. Poly(lysine)-gellan, water-soluble chitin-alginate [20], chitosan-
gellan, and chitosan-poly(acrylic acid) are examples of polyelectrolyte pairs used to 
produce polyionic fibers by interfacial polyelectrolyte complexation.  
When two oppositely charged polyelectrolytes come into contact, interfacial 
polyelectrolyte complexation occurs at the interface and an insoluble complex is 
formed due to charge neutralization (See Figure 2.1). This complex is then drawn 
away from the interface in the form of a fiber while fresh polyelectrolytes are 
continuously diffused towards at the interface. It was suggested that the ability to draw 
polyelectrolyte complexed fibers was related to a balance between the stability of the 
interface and precipitation of a polyionic complex in the solution [20]. 
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Figure 2.1: Schematic diagram of interfacial polyelectrolyte complexation of 
oppositely charged polyelectrolytes and formation of the insoluble fiber from the 
interface. 
 
The mechanism of fiber formation was hypothesized by Wan et al. [31]. As the fiber is 
drawn, a viscous barrier is formed at the interface and prevented free mixing between 
the polyelectrolytes (Figure 2.2a). The interface is broken into many complexed 
domains which act as nucleation sites for further complexation (Figure 2.2b). The 
nuclear fibers increase in size (Figure 2.2c), coalescence (Figure 2.2d) and the excess 
polyelectrolytes form gel droplets along the fiber axis. The fiber is drawn further until 
either polyelectrolyte depletes and terminates the drawing process. 
 
 d c b a 
Figure 2.2: Hypothesized fiber formation mechanism by interfacial polyelectrolyte 
complexation [31]; (a) formation of a viscous barrier, (b) formation of multiple 
nucleation sites, (c)  growth of nucleation sites and (d) coalescence of nucleation sites. 
 
Interfacial polyelectrolyte complexation process is carried out in aqueous based 
solutions and at ambient conditions thereby alleviating the use of denaturing solvents 
and high temperatures. The lack of excessive mechanical stresses also provides a mild 
entrapment condition which is an important advantage for the cells and biomolecules 
encapsulation and this has been demonstrated with chitin-alginate polyelectrolyte 
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fibers [22, 31, 32]. Wan et al. [20] have encapsulated hMSC, human dermal fibroblasts 
(HDF) and bovine pulmonary artery endothelial cells (BPAEC) in water-soluble 
chitin-alginate fibers and they remained viable. More of the cell encapsulation process 
will be discussed in section 2.7. 
 
2.3 The Importance of a Bioactive Biomaterial for Tissue Engineering 
Applications 
For any successful tissue engineering application, the scaffold has to be bioactive and 
able to support the maintenance, proliferation and differentiation of cells, while 
mimicking the characteristics of native extracellular matrix.   
Ideally, a scaffold should have a structure that acts as a template for tissue growth in 
three dimensions and cues in the form of adhesion molecules, growth and 
differentiation factors should be incorporated in a spatially defined manner [12, 14, 16, 
20, 33] to coordinate growth of new tissue, promote proliferation or direct 
differentiation (particularly in the case of stem cells) as desired. The scaffold should be 
a network of interconnected pores with diameters of at least 100 μm to allow cell 
migration throughout the scaffold and the effective penetration of essential nutrients 
[13, 30]. The earlier work on tissue engineering scaffolds focused on the development 
of biomaterials which mainly serve as inert mechanical supports for seeded cells and 
which can degrade at a rate synchronized to the proliferation of cells and their 
secretion of extracellular matrix (ECM).  
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The current drive in this area of research is to develop a biofunctional scaffold which 
not only serves as a mechanical support but contains biological molecules to facilitate 
cellular migration, adhesion, proliferation and differentiation. The rationale is that cells 
in their native environments respond to various environmental signals within the 
extracellular matrix which alter cellular function and tissue structure [12]. Adhesion 
molecules, growth factors and plasmid DNA mediate the cell-cell and cell-ECM 
interactions and modulate new tissue formation by participating in cell signaling, cell 
recruitment, growth, immune recognition and modulation of inflammation [8, 13, 14]. 
The biochemical and physical characteristics of a natural ECM can thus be mimicked 
and this is an important aspect of generating viable constructs for in vivo tissue 
replacement. 
 
2.4 Biofunctionalisation of Biomaterials  
Biological recognition of biomaterials can take several forms [33]: 
(i) Incorporation and controlled release of growth factors. Growth factors are 
biologically active proteins that can be incorporated in biomaterials to enhance cell 
survival, promote cellular adhesion or control cellular phenotype [33]. Growth factors, 
drugs and genes can be encapsulated in microspheres and delivered to the target sites 
or they can be mixed with polymer solutions and electrospun [34] or they can be 
encapsulated in chitosan-alginate fibers via interfacial polyelectrolye complexation 
[32] to form bioactive nanofibers. Growth factors are released by diffusion, material 
degradation or through cell-triggered release. The incorporated growth factors have a 
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significant degree of control over the cells that are within the vicinity as they are 
highly specific in their functions and they can alter the cellular response to bioactive 
material during tissue regeneration. For example, bone morphogenic proteins BMP-4 
are encapsulated in collagen-hydroxyapatite microspheres and delivered to bone defect 
sites [35] and they were found to expedite bone reconstruction and remodeling 
processes.  
(ii) Incorporation of biomimetic adhesion sites.  This is to facilitate cell adhesion and 
migration on or within bioactive materials. The specific type of cells for adhesion and 
their spatial distribution within the scaffold can be controlled through the selection of 
incorporated adhesion sites. 
ECM proteins like collagen, fibronectin, vitronectin and laminin [14, 16] have been 
coated onto scaffolding materials to promote cellular adhesion and proliferation. 
Typically, the materials were coated overnight at 4oC with 1 mL of protein solution 
(ECM gel, gelatin, fibronectin or laminin) before cell attachment. Peptide fragments 
that are responsible for cell adhesion and proliferation have gained popularity over 
ECM proteins in the aspect of biomaterial surface modification. The short peptide 
sequences like RGD, YIGSR and IKVAV [14] have an advantage over ECM proteins 
as they are cheaper, more stable and they can be synthesized readily in laboratories. 
Native ECM proteins are longer and tend to be randomly folded upon adsorption and 
receptor binding sites are not always presented for cellular binding. NH2 functional 
groups have been grafted onto the biomaterial surfaces to facilitate covalent binding 
with the COOH functional groups in the peptides. The surfaces of scaffolds have also 
been plasma treated or UV irradiated [16] to generate reactive species such as 
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hydroxyl, peroxide groups to immobilize biomacromolecules via graft 
copolymerization. However, protein coating, plasma treatment and graft 
polymerization of biomacromolecules occur on the shallow surface of the materials 
and a full depth surface modification is hard to achieve. 
Bulk modification of biomaterials allows the incorporation of cell-signaling peptides 
which result in the presentation of cell recognition sites not only on the surface but in 
the bulk of the materials as well [14]. Gelatin has been blended with chitosan to form 
2D membranes and 3D scaffolds through ionic crosslinking [33]. Galactose has been 
grafted onto collagen nanofibers to specifically interact with asialoglycoprotein 
receptor (ASGPR) on hepatocytes to promote their functional maintenance [36]. 
Recently, collagen has been coated on electrospun PCL fibers [27], collagen and 
glycoaminoglycan [8] are blended and electrospun to form 3D fibrous scaffolds for 
tissue engineering purposes. Both groups have reported improved cellular viability and 
functions when cells were seeded on these fibers.  
However, the presentation of these cell regulatory signals on scaffold constructs in a 
spatially controlled manner still remains a challenge. Conjugation of ligands to 
preformed scaffolds lacks spatial definition and the physical properties of the fiber can 
be compromised during the conjugation process. It is postulated that the precise 
control of spatial distribution and delivery of these signal molecules may be better 
achieved if the basic structural unit of scaffold is endowed with the molecules [20].  




2.5 Cell Infiltration and Spatial Distribution of Cells in Scaffolds 
Spatial organization of cells within a 3D extracellular matrix is important for 
controlling cellular functions and neo tissue synthesis [12, 19]. To achieve an 
organised arrangement of cells in a tissue engineered construct, one has to consider the 
design of scaffolds which is one of the basic infrastructures for building a highly 
cellularized tissue construct.  
Cells are traditionally seeded onto fibrous scaffolds and cultured for long periods to 
allow extracellular matrix production and tissue formation. However, optimal tissue 
development requires infiltration of cells into the scaffold, which in turn necessitates a 
macroporous structure with interconnected pores diameters of at least 100 µm [5, 9, 
10].  
Seeded cells can either migrate into the scaffolds by either enzymatically degrading or 
displacing individual fibers but this requires extended culture periods and appropriate 
chemotactic factors present within the scaffolds [9, 37]. As the scaffold thickness 
increases and the fiber diameter decreases to the nanometer dimensions, the problem 
of limited cell infiltration into scaffolds becomes significant. 
Various strategies [4, 6, 38-42] have been proposed to address the lack of cell 
infiltration issue and they are based on a common hypothesis: that scaffolds embedded 
with cells in a controlled spatial distribution can address the current problem of limited 
cell infiltration and achieve a highly cellularized tissue construct. 
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2.6 Cell Encapsulation in Gels and Cell Sheet Engineering 
Spatial organization of cells and tissues within a 3-dimensional extracellular matrix is 
a crucial element in controlling cellular function [12]. Mesenchymal stem cells and 
smooth muscle cells have been encapsulated in photosensitive hydrogels [38, 42],  
fibroblasts and endothelial cells have been sprayed in between gels [39], smooth 
muscle cells have been sprayed in between layers of electrospun fibrous mats [40]  and 
cells have been incorporated into fibers via co-axial electrospinning [41]. Cells have 
also been printed onto scaffolds using modified ink-jet print heads [4, 6]. Although the 
reported studies have made significant progress in creating highly biofunctional 
scaffolds, the said processes are complex and often detrimental to the cell viability and 
hence a milder and simpler technique to incorporate cells into a 3D scaffold is desired.  
Cell sheet engineering revolutionised the concept of Tissue Engineering when Teruko 
Okano et al. used thermosensitive materials to create cell sheets for cardiac tissue 
engineering [43]. Cell sheet engineering was incepted to avoid the limitations of tissue 
reconstruction using biodegradable scaffolds or single cell suspension injection. 
temperature-responsive culture dishes are first prepared by grafting temperature-
responsive polymers such as poly (N-isopropylacrylamide) onto the culture dishes and 
various types of cells are introduced to allow adhesion and proliferation at 37oC. When 
the temperature is lowered to 32oC, the cells spontaneously detach without the need for 
proteolytic enzymes and the confluent cells are noninvasively harvested as single, 
contiguous cell sheets with intact cell-cell junctions and deposited extracellular matrix 
(ECM). By layering several myocyte cell sheets in a 3-dimensional fashion, pulsatile 
cardiac patches are fabricated.  
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The cell sheet technology overcame issues concerning the inflexibility and bulk 
properties of scaffolds which significantly hamper the dynamic pulsation of cardiac 
myocytes. The layered cell sheets could pulse simultaneously and communicate via 
connexion 43 which were established between the sheets and which were not 
destroyed by proteolytic enzymes needed to release the cells from the substrates.   
This technology should prove useful as a fundamental technique in the next-generation 
tissue engineering and regenerative medicine arena. However, despite this 
advancement, the technology may not be optimal for non-adherent cells and in 
applications where intricate dimensions are required for organ regeneration.  
 
2.7 Cell Encapsulation by Interfacial Polyelectrolyte Complexation 
A recently developed technique for cell encapsulation is interfacial polyelectrolyte 
complexation (IPC) [20, 22]. Based on electrostatic interaction of oppositely charged 
polyelectrolytes, IPC can produce stable cell encapsulated PEC fibers under aqueous 
and room temperature conditions for scaffold construction. Unlike many current 
scaffold fabrication techniques [7, 8, 42] which involve the use of volatile organic 
solvents and cytotoxic photocrosslinkers that may be detrimental to the bioactivity of 
biologics [44] and viability of encapsulated cells, IPC is amenable to encapsulation of 
proteins [20], cells [22] and DNA [45] into the fibers. Encapsulation of cells with IPC 
technique has additional advantages over encapsulation of cells in gels; the porous 
architecture allows efficient nutrient/waste exchange and in essence 3-D cell 
patterning. This is a useful alternative for the bulk biofunctionalization of tissue 
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engineering scaffolds. This approach has the least toxic and processing method and is 
by far one of the mildest techniques available. 
PEC fibers permit the spatial presentation of cells and ligands throughout the fibers 
simply by incorporating them in the polyelectrolytes before the fiber drawing step. The 
encapsulated cells and ligands can be easily controlled by varying the ratio of modified 
to nonmodified polyelectrolyte used for fiber fabrication [20]. Encapsulating cells in 
PEC fibers is simple and rapid. Cells were typically resuspended in one of the 
polyelectrolyte solution before drawing the cell-encapsulated fiber at the interface. The 
encapsulated cells and ligands can be easily controlled by varying the ratio of modified 
to nonmodified polyelectrolyte used for fiber fabrication [20]. This is a useful 
alternative for the bulk biofunctionalization of tissue engineering scaffolds. The 
schematic of this cell encapsulation process is shown in Figure 2.3.  
 
 
Figure 2.3: Schematic of cell encapsulation process in PEC fibers. 
 
The cell encapsulation feature in PEC fibers is unique as a consistently high and 
uniform density of cells encapsulated throughout the scaffolds can be achieved [46]. 
The encapsulated cells are able to secrete and regulate the amount of growth factors 
and matrix and other proteins throughout the scaffold [14]. Therefore it not only 
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mimics the physiological microenvironment where cells reside and functions but also 
addresses the problems of cell seeding efficiency and nutrient exchange in the 
traditional method of seeding cells onto polymeric scaffolds. 
Alginate-Chitosan PEC scaffolds have been reported for the encapsulation of cells but 
poor fiber mechanical properties, poor cellular adhesion and formation of cell clumps 
were observed [22]. Hypothesizing methylated collagen could be an attractive cation to 
form PEC fibers, we study the PEC fiber fabrication with a custom-synthesized 
terpolymer anion to produce a hybrid fibrous scaffold which possesses collagen 
proteins for cellular interactions and mechanical properties suitable for tissue 
engineering applications.  
The polyelectrolyte pair we are using in this study consists of an anionic synthetic 
terpolymer of (MMA-HEMA-MAA) and cationic methylated collagen. The synthetic 
terpolymer is synthesized from methyl methacrylate (MMA), hydroxyethyl 
methacrylate (HEMA) and methacrylic acid (MAA) monomers via radial 
polymerization monomers, using 2,2’-Azobisisobutyronitrile (AIBN) as an initiator 
(see Figure 2.4(a)). Cationic methylated collagen was synthesized by introducing a 
methyl group to the collagen protein in the reaction shown in Figure 2.4(b). 
Collagen Type I is a fibrillar protein with a long and stiff triple-helix structure that 
provides mechanical support of tissues [14]. It has good compatibility and low 
antigenicity. Collagen degrades into well tolerated physiological compounds and has 
cell-specific ligands and extracellular signaling molecules like peptides or 
oligosaccharides  to enhance biological interactions [47]. When collagen is used in 
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tissue engineering scaffolds, it encourages cells to adhere, repopulate and form new 
tissues [16] that closely emulate the native organization. 
 
(a) Synthetic scheme of MMA-MAA-HEMA terpolymer 
 
 
      (b) Methylation of Collagen Type I 
Figure 2.4: Chemical structures of (a) MMA-MAA-HEMA terpolymer [29] and (b) 
methylated collagen [36]. 
 
The anionic terpolymer polyelectrolyte provides the mechanical strength while 
cationic methylated collagen provides the extracellular matrix proteins for cellular 
attachment. Collagen is distributed throughout the fiber structure and the cell-signaling 
proteins are presented not only on the fiber surface but in the bulk as well [46].  
Scaffolds made of synthetic polymers are easy and cheap to process, versatile with 
tunable physical properties, but typically lack cell recognition signals for effective cell 
attachment [5]. Natural polymers such as collagen, elastin and glycosaminoglycans 
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possess biological cues for cellular interaction but typically lack the appropriate 
mechanical properties required as structural biomaterials for tissue regeneration [24]. 
When both synthetic and natural polymers are incorporated to form a hybrid material, 
the hybridization of both polymer types may lead to a synergic development of tissue 
engineering scaffolds which will have the desired complementary properties. In 
addition, the capability of PEC fiber system in encapsulating cells has been explored 
and demonstrated in this study.  Therefore, we believe that this collagen-based PEC 
fiber system is the embodiment of biofunctional scaffolds used in organ and tissue 
regeneration constructs.  
2.8 Conducting Polymers for Tissue Engineering  
Conducting polymers such as polypyrroles, polythiophenes and polyanilines are 
unique materials in that they are organic chains of alternating double-and single-
bonded sp2 hybridized atoms, giving the polymer metal-like semiconductive properties 
[48]. The series of alternating single and double bonds generated by electron cloud 
overlap of p-orbitals to form p molecular orbitals is referred to as a conjugated system.  
 
Doping is the process of oxidizing (p-doping) or reducing (n-doping) a neutral polymer 
and providing a counter anion or cation (i.e., dopant), respectively and it is an essential 
process to impart conductivity to the polymers. The dopant introduced to the polymer 
carries the charge in the form of extra electrons and neutralises the unstable backbone 
when the polymer is in the oxidized form.  




Figure 2.5: Introduction of polaron and bipolaron lattic deformation upon oxidation (p-
type doping) in heterocyclic polymers. X = S, N, or O. [48] 
 
In Figure 2.5, a polaron or radical cation is introduced into the conjugated backbone 
after the loss of an electron. When oxidation of the same segment of the conjugated 
backbone occurs, the unpaired electron of the polaron is lost and a bipolaron is formed. 
 
Hence, when an electrical potential is applied across the doped polymers, the flux of 
ions, depending on the charge and motility disrupts the stable backbone and results in 
the passage of charge or “electron-hopping” through the conjugated conducting 
polymer backbone and produces electrical conductivity.   
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Conductivity is a measure of the ability of a material to pass a current. Insulating 
materials generally have conductivities less than 10-8 S/cm, semiconductor materials 
with conductivities between 10-8 and 103 S/cm and conducting materials have 
conductivities greater than 103 S/cm. In general, conducting polymers have 
conductivities closer to semi-conductors [48, 49]. Table 2.2 shows the conductivity of 
some of the conducting polymers.   
 
     Table 2.2: Conductivity of conducting polymers [48] 




Poly acetylene (PA) 200-1000 n, p 
Poly paraphenylene (PPP) 500 n, p 
Poly paraphenylene sulfide (PPS) 3-300 P 
Poly paravinylene (PPv) 1-1000 P 
Poly pyrrole (PPy) 40-200 P 
Poly thiophene (PT) 10-100 P 
Poly isothionaphthene (PITN) 1-50 p 
Poly aniline (PANI) 5 n, p 
 
Conducting polymers are able to transfer electrical charge from a biochemical reaction 
and have the flexibility of altering its chemical, physical, electrical and other properties 
to suit the nature of the specific applications. These properties make them attractive in 
many biomedical applications such as tissue engineering scaffolds, biosensors, neural 
probes, nerve conduits and drug-delivery devices [48, 50].  
We focus this part of the review on the applications of conducting polymers as tissue 
engineering scaffolds. It has been shown that in the presence of an electrical 
stimulation, these conducting polymers have the capability of modulating cell 
adhesion, migration, DNA synthesis and protein secretion of electrically responsive 
cells such as nerve, bone, muscle and cardiac cells [49-58].   
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The main attraction of polypyrrole in the role of a biomaterial stems from its 
electrochemical properties. Polypyrrole has been reported to support the culture of 
endothelial cells [59-61], rat pheochromocytoma (PC12) cells [62], glia cells [63], 
primary neurons [64], keratinocytes [50], and mesenchymal stem cells [65]. 
Fibronectin adsorption to polypyrrole surfaces has been reported to increase under 
electrical stimulation [66] and these surfaces enhanced neurite extension. Polypyrrole 
has demonstrated cell and tissue compatibility in vitro and in vivo [50, 63]. 
The biological performance of polypyrrole is dependent on the chemical characteristics 
of the material, its physical attributes and the presence of bioactive factors. Despite the 
successes of polypyrrole and its derivatives as suitable substrates for the culture of a 
variety of cell types, there is a lack of viable strategies for incorporating biological 
cues onto polypyrrole surfaces to improve its performance as tissue engineering 
scaffolds.  
Chemical coupling with bio-signaling peptides and proteins [67, 68] has produced 2-
dimensional bio-functional polypyrrole films. Direct chemical polymerization of 
pyrrole, have been known to afford 3-dimensional, n-doped PPy scaffolds such as 
fibers [69, 70]. However, PPy scaffolds prepared in this manner typically contains 
toxic dopants [48, 69] and additionally, is not easily amendable to chemical 
modification(s) and subsequent bioconjugation without drastically affecting electrical 
conductivity and other bulk properties [49, 71]. Sanghiv et al. [72] reported on 
biocompatible and functional PPy scaffolds with appreciable electrical conductivity by 
modifying FeCl3 (aq) polymerized PPy with linker peptide sequences using phage 
(T59) display techniques. However, the peptide sequences were easily removed and 
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lost through washing as a result of weak adhesion between the non-covalently bound 
peptide sequences and the PPy surface. 
Lan et al. [73] attempted an alternative strategy in which pyrrole was first encapsulated 
within polyelectrolyte multilayers (PEMs) prior to chemical polymerization. In such 
investigations, PPy was generated as electrically conductive “beads” within PEMs that 
perform the dual roles of encapsulant and possibly, as chemical linkers for 
bioconjugation [74]. Typical PEMs are however, usually assembled as ultrathin films 
that are coated onto supporting structures such as silicon wafers [75], colloids [76] and 
fibers [77] via layer-by-layer (LbL) deposition techniques. LbL deposition necessitates 
the identification of suitable, charged substrates and is extremely tedious, when 
substrates are constituted by sub-micron fibers.  
To improve the integration of conducting polymers with target cells, conducting 
polymers have been deposited within a hydrogel network [48, 78]. Hydrogels are 
attractive because they are biocompatible, porous, and can be tailored to possess the 
mechanical properties of the surrounding tissue (e.g., brain tissue).  
Polypyrrole-poly(styrene sulfonate) PPyPSS was electrochemically grown within 
alginate gels coated on electrodes [48, 78] in a controlled manner, permitting the 
modification of each electrode site with different bioactive agents. Polypyrrole 
deposited within a hydrogel has a relatively higher surface area compared to 2-
dimensional polypyrrole films, which maximizes interaction of cells with polypyrrole. 
The hydrogel porosity can be controlled with optimal freeze-drying conditions which 
are important for cellular growth, signal transfer and vascularisation of the hydrogel. 
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More importantly, the studies have demonstrated that PPy–alginate-coated electrode 
recording sites could transport charge as efficiently as uncoated gold. 
Extracellular matrix (ECM) such as collagen is essential for the growth of a variety of 
adherent cells. Muscle cells for instance require collagen for the synthesis of muscular 
tissue and for the signalling mechanism where the signals mediated through integrins 
were reportedly essential for sarcomere assembly in myogenesis [79]. Neurite 
outgrowth was also observed in PC12 cells fibronectin adsorped polypyrrole films 
[66]. Thus, the interplay of collagen with conducting polymers [80] could generate 
electroactive biomaterials that could be applied in muscle and neuronal tissue 
engineering.  
Collagen type I is one of the most abundant ECM proteins yet the effects of electrical 
stimulation of cells on collagen type I is not well explored by many. C2C12 cells, 
murine myoblasts were used to investigate the effects of electrical stimulation on its 
extracellular matrix deposition and cellular differentiation [54]. The cells were seeded 
on collagen scaffolds and stimulated with rectangular signals of voltage (2, 5, 7 V) and 
frequency 1 and 2 Hz. The data obtained implicated that a specific electrical frequency 
may have modulated type I collagen accumulation while a specific voltage may have 
affected the differentiation of muscle sacromeres in these cells. 
The early development of myotubes could be due to the stimulation of electrical signal, 
the 3D culture system or a combination of both which triggered cell fusion and 
myotube formation and enhanced signal transduction for muscle development. It has 
been reported that skeletal muscle cells embedded in 3D collagen gels differentiate 
into highly contractile myotubes [54] and that 3D cell culture promotes the formation 
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of cellular junctions supported by integrant and focal adhesion receptors. However, the 
exact molecular mechanism governing the phenomenon observed in 3D muscle tissue 
constructs [54] in the presence of electrical stimulation remains unclear.  
In this study, we developed an IPC-based strategy that incorporates FeCl3-doped 
polypyrrole into the collagen-terpolymer PEC fibers in a bid to create a 3-dimensional 
electroactive biofunctional fibrous scaffold suitable for the tissue engineering of 
skeletal muscles and neuronal tissues. The proposed scaffold has the adhesive moieties 
needed for cellular adhesion, fibrous structure to mimic the native tissue architectures 
and electroactive polypyrrole to aid cellular signal transmission and pathways essential 
for further tissue development. hMSCs and C2C12 cells will be seeded onto these 
fibers and cultured in an electrical stimulated environment. The expression of specific 
lineage markers and other genes under these conditions will be studied and presented 
in Chapter 6.   
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Chapter 3: Materials Synthesis and Polyelectrolyte Complex (PEC) 
Fiber Fabrication 
3.1 Materials  
Methyl methacrylate (MMA), hydroxyethyl methacrylate (HEMA), methacrylic acid 
(MAA), pyrrole monomers, 2,2’-Azobisisobutyronitrile (AIBN), 2-Hydroxypropyl-β-
cyclodextrin and ferric chloride were purchased from Sigma-Aldrich Chemicals Ltd 
(Singapore). The monomers were purified by vacuum distillation and AIBN was 
recrystallized in ethanol before use. Collagen Type I (Nutragen, 100mL) was 
purchased from Nutacon Netherlands.   
 
3.2 Synthesis of MMA-HEMA-MAA Terpolymer 
The MMA-HEMA-MAA terpolymer was synthesized in 100mL of isopropanol via 
radical polymerization at 60oC. MMA, HEMA and MAA monomers were charged into 
a 250mL round bottom flask at a molar ratio of 25:25:50 [29] and 0.25 wt% of AIBN 
was used as an initiator. The reaction mixture was cooled for 5 minutes in an ice bath, 
purged with argon for another 5 minutes before it was immersed in a silicone oil bath 
at 60oC.  The polymerization process was carried out for 16 hours, after which the 
mixture was cooled rapidly under running water. The terpolymer was precipitated 
twice in 1 L of hexane and vacuum dried. The dried terpolymer was subsequently 
dissolved in 1M NaOH to convert the carboxyl acid groups to sodium carboxylate, 
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dialyzed against deionized water for 24 hours or until the external reservoir reached a 
pH of 5.5 and the final anionic terpolymer product was recovered by lyophilization. 
 
3.2.1 Molecular weight determination of MMA-HEMA-MAA Terpolymer 
The molecular weight distribution of the synthesized terpolymer was determined by 
gel permeation chromatography (GPC). The measurements were performed on a 
Waters 2690 liquid chromatography system equipped with a Wyatt Technology mini 
DAWN light scattering Detector and Waters 2410 Differential Refractometer. 1.0g of 
the synthesized terpolymer was extracted before the carboxyl acid group conversion 
step and dissolved in Tetrahydrofuran (THF). 10µL of the sample was injected into the 
GPC and the measurements were performed at room temperature at a flow rate of 1.0 
mL/min.    
 
3.3 Collagen Methylation  
12 ml of collagen (6 mg/ml in 0.012N HCl) was precipitated in 400 ml of acetone and 
redissolved in 200 ml of methanol containing 0.1M HCl. The mixture was stirred for 2 
days at room temperature before it was dialyzed against deionised water (Spectrapor 
MWCO = 3,500) until the external reservoir reached a pH of 5.5. The methylated 
collagen was filtered through a sterile 0.22 µm filter unit and lyophilized under sterile 
conditions. The dried modified collagen was stored at -80oC before use. 
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3.4 Terpolymer-Collagen PEC Fiber Formation 
Terpolymer-collagen PEC fibers were drawn out of the interface between terpolymer 
and methylated collagen droplets. The terpolymer and methylated collagen 
concentrations used were 5.5mg/mL and 5.0 mg/mL respectively. 5µL of terpolymer 
and methylated collagen droplets were placed 1mm apart on a petri dish and a pair of 
tweezers was used to bring the 2 droplets together to draw a fiber, shown in Figure 3.1. 
The fiber was attached to one of the supporting rods on a motorized roller and the fiber 
was drawn continuously at a rate of 10mm/s until it was terminated by the depletion of 
polyelectrolyte droplets. The fibers collected on the roller were air-dried before they 
were removed and observed under a scanning electron microscope (SEM, FEI Quanta 
200F, USA).  
 
Figure 3.1: Schematic diagram of terpolymer-collagen fiber formation. 
 
3.5 Polypyrrole-incoporated Polyelectrolyte Complex Fibers 
1.18g of 2-Hydroxypropyl-β-cyclodextrin was dissolved in 10mL of ultrapure water 
and kept on the shaker for 30 minutes. 70µL of neat pyrrole was added into the 
solution to produce a pyrrole concentration of 0.1M and sealed with parafilm. The 2-
Hydroxypropyl-β-cyclodextrin-pyrrole mixture was kept on the shaker for 1 hour 
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Pyrrole-incorporated PEC fibers were made by drawing them out of the interface 
between pyrrole-terpolymer and methylated collagen droplets. The fibers were 
collected immediately and placed in a petri dish of 0.5 M of FeCl3 for 24 hours at 4oC. 
The fibers were washed in 100% ethanol and deionized water twice and dried in a 
dessicator overnight. 
3.6 Results and Discussion 
3.6.1 PEC Fibers 
The terpolymer (MMA-HEMA-MAA) was synthesized via radical polymerization 
shown in Figure 3.2. It was converted to an anionic polyelectrolyte by adding 1 M 
NaOH at the end of the polymerization reaction. Sodium hydroxide converted the 
sodium carboxylic acid groups in methacrylic acid (MAA) to carboxylic acid sodium 
salt which increased the terpolymer solubility in aqueous solution and gave the 
terpolymer a net negative charge when dissolved at neutral pH. Each monomer was 
considered for a purpose: HEMA was incorporated to provide hydrophilicity and water 
absorption, MMA the mechanical strength and MAA the net negative charges needed 
to complex with methylated collagen [81]. 
 




Figure 3.2: Chemical reaction scheme of MMA-HEMA-MAA [29] 
 
Figure 3.3 shows the GPC measurement of the molecular weight distribution of the 
terpolymer. The graph peak is sharp and narrow, indicating that the terpolymer chain 
lengths have a narrow range of molecular masses. Polydispersity index is a ratio of the 
weight average molecular weight and number average molecular weight and is a 
measure of the distribution of molecular mass in a sample. 
The graph in red is generated from the signals detected by the Minidawn light 
scattering detector when the terpolymer solution was eluting in the gel column. The 
graph in blue is detected by another detector, Differential Refractometer Waters 2410. 
The red graph shows the distribution of the terpolymer molecular weight as well and 
the single peak indicates that the terpolymer has a narrow molecular weight 
distribution range and the polydispersity index of the terpolymer was 1.093 ± 0.038. 
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From Appendix A, the peak volume occurred at the range of 5.900-8.233 mL and 281 
slices of the peak were generated. Using the known variables stated in the appendix, 
the terpolymer molecular weight versus elution time graph is generated shown in 
Figure 3.3. At 6.833 minutes, the peak was the highest and the molecular weight was 
read off from the graph and found to be 1.6 x 105 g/mol. 
 


















Figure 3.3: GPC molecular weight determination of MMA-HEMA-MAA terpolymer. 
  
Collagen Type I was used to provide the integrin receptors for cell adhesion and 
proliferation. The native collagen type I was converted to a cationic polyelectrolyte 
through methylation (Figure 3.4). Methylation of collagen has been well published and 
studied. J. Zhang et al [82] have reported that the methylation process used in this 
study did not destroy the triple helix of the collagen protein. It is also cross referenced 
to the collagen labelling of PEC fiber discussed in Chapter 4, where the antibody used 
bind specifically to the collagen proteins and not gelatin, the hydrolyzed product of 
collagen. The carboxylic groups in collagen were esterified which disrupted the 
positive and negative charge equilibrium and resulted in a net positive charge when 
dissolved in aqueous solutions. The net positive charges were essential for the 
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interfacial polyelectrolyte complexation process with the anionic terpolymer to form 
collagen-terpolymer PEC fibers.  
 
Figure 3.4: Chemical structure of methylated collagen. 
 
3.6.2 Mechanism of PEC Fiber Formation 
When both polyelectrolytes in the form of droplets were brought together, a fiber was 
drawn at the interface through the mechanism of interfacial polyelectrolyte 
complexation (IPC) [31]. This mechanism refers to the formation of an insoluble 
complex at the interface when the polyelectrolytes charges were neutralized upon 
contact. The insoluble complex was drawn away from the interface in the form of a 
fiber and the process terminates when the polyelectrolyte droplets deplete. The 
schematic of the fiber drawing from the polyelectrolytes interface is shown in Figure 
3.5(A). The drawn fiber was collected on the roller and air dried. The arrow in Figure 
3.5(B) indicated the finished fiber mesh.  
Beads were present in the fibers during fiber formation and they were spaced at regular 
intervals along the fiber length. Figure 3.5(C) is a bright field image of a wet PEC fiber 
bead. The fiber was drawn and placed immediately in 1x PBS and viewed under the 
microscope. When the fibers were left to dry, the beads would shrink and form slight 
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protuberances, as shown in Figure 3.5(D). This observation was also reported by Wan 
et al. when alginate-chitosan polyelectrolyte complex fibers were made [31]. The 
reasons behind bead formation in PEC fibers are unclear but detailed studies of the 
fiber bead region will be presented and discussed in Chapter 4. 
 
 
Figure 3.5: Terpolymer-collagen PEC fibers formed by IPC. (A) Schematic diagram 
showing the drawing of fiber from the polyelectrolytes interface. (B) Spun fibers 
collected and dried on the motorized roller. The dried fiber meshes are indicated by the 
                                                            Chapter 3: Mat. Syn.and PEC Fiber Fabrication  
 
  Page 44 
white arrow. (C) Bright field image of PEC fiber bead submersed in 1xPBS. (D) SEM 
micrograph of the dried fibers. 
 
The PEC fibers are made from polyelectrolytes of two different classes of 
biomaterials. The cationic methylated collagen type I is modified from native collagen 
type I, a natural biopolymer with adhesion molecules for cell adhesion and bio-
interactivity and is mechanically weak. The terpolymer on the other hand, is a 
synthetic polymer which lacks the adhesion molecules and other cell signalling 
molecules but it is mechanically stronger compared to collagen and its physical 
properties can be easily tuned. By complexing both polymer types to form a hybrid 
fiber, it is hypothesized that the fibers would be an ideal tissue engineering scaffold 
material because it would have the merits of both natural and synthetic polymers.  
 
3.6.3 Polypyrrole Incorporation into PEC Fibers 
Initial attempts to incorporate polypyrrole directly into fibers by IPC proved to be 
unsuccessful. In such attempts, pyrrole was first dispersed into aqueous solutions 
containing up to 0.5 wt% of terpolymer to form a suspension followed by 
complexation with aqueous solutions of methylated collagen for subsequent fiber 
drawing before immersing in the FeCl3 polymerization bath overnight. The extent of 
polypyrrole formation within the fibers was negligible and this could be due to the 
poor uptake of pyrrole into the fibers during IPC, which in turn, could be ascribed to 
the hydrophobic nature and high vapor pressure of pyrrole.  
                                                            Chapter 3: Mat. Syn.and PEC Fiber Fabrication  
 
  Page 45 
As PEC fibers are formed at the interface where high density of opposite charges are 
essential for fiber formation and coalescence to occur [31], water soluble, hydrophilic 
compounds are readily encapsulated within these regions. In contrast, hydrophobic 
compounds such as pyrrole would be readily expelled from the fiber forming regions 
with consequentially lower levels being made available for polymerization. 
The inherent incompatibility of hydrophobic compounds for encapsulation by IPC can 
be interpreted in the light that fibers are essentially derived from the formation of 
polyelectrolyte complexes in IPC. Thus, the polyelectrolyte interface regions have to 
have high density of opposite charges for fiber formation and coalescence [31]. 
Therefore, water-soluble, hydrophilic compounds with high surface energies are 
readily solubilized and encapsulated within these regions. In contrast, hydrophobic like 
pyrrole, would be readily expelled from the fiber forming regions with consequentially 
lower levels being made available for pyrrole polymerization as shown in Fig 3.6. In 
addition, the high vapor pressure of pyrrole results in the actual amount of pyrrole 
available for encapsulation and polymerization being lower than intended through the 
loss of pyrrole by evaporation. 
 




Figure 3.6: Schematic diagram showing the expulsion of hydrophobic species such as 
pyrrole monomers from IPC fiber drawing interface.  
 
The encapsulation of pyrrole within the hydrophobic cavity of β-cyclodextrins to form 
a water-soluble inclusion complex (IC) in Fig 3.7(A) has been well documented [83]. 
IC formation has been reported to significantly lower the vapor pressure of pyrrole. 
Hence, pyrrole/β-cyclodextrin ICs represent a strategy by which pyrrole may be 
effectively encapsulated within IPC fibers for subsequent polymerization. 
Additionally, chemical polymerization by FeCl3 of cyclodextrin encapsulated pyrrole 
shown in Fig 3.7(B) has been reported to precipitate PPy as a powder, with 
cyclodextrin “hosts” retained in solution from which they may be efficiently separated 
from PPy by sedimentation and washing with water [83].  
 








Figure 3.7: (A) Formation of 2-Hydroxypropyl-β-cyclodextrin-pyrrole inclusion 
complex for the incorporation of pyrrole into PEC fibers. (B) Chemical polymerization 
of pyrrole by FeCl3.  
 
2-Hydroxypropyl-β-cyclodextrin has been selected as the cyclodextrin “host” in this 
work in-lieu of its excellent solubility in aqueous media and low cytotoxicity [84]. The 
encapsulation of pyrrole into PEC fibers was significantly better with the use of 2-
Hydroxypropyl-β-cyclodextrin to form an inclusion complex with pyrrole prior to fiber 
formation and the polypyrrole incorporated PEC fibers are characterized and discussed 
in Chapter 4.     
 
3.7 Design of Device for PEC Fiber Fabrication 
The current method of producing PEC fibers is relatively simple but very labour 
intensive and thus large scale production of these fibers can be very time-consuming. 
A device prototype was designed and built in-house to increase the efficiency of PEC 
fiber formation and collection. 




3.7.1 Determination of a Suitable Material for the Flow Channel of 
Polyelectrolytes  
The ease of PEC fiber formation was dependent on the interfacial area between the 
polyelectrolytes. This area in turn is influenced by the surface energy of the substrates 
in which the polyelectrolytes were dispensed. To assess which material would be most 
suitable for the flow channel, contact angle measurements were performed on Teflon, 
polydimethylsiloxane (PDMS), polymethylacrylate (PMMA), polystyrene, 
polycarbonate and glass. A drop of water was dispensed onto each material surface and 
the water contact angle was measured. 
If a material surface energy is high, the contact angle will be low and the surface is 
hydrophilic. A material with low surface energy will have a high contact angle and the 
surface is hydrophobic. By drawing PEC fibers from polyelectrolyte droplets on the 
various material surfaces, it was found that materials with lower surface energies such 
as Teflon performed better than materials with higher surface energies as glass. 
However, the design of the device also required the material surface to improve the 
polyelectrolyte flow. This was to prevent PEC aggregate accumulation at the interface 
which will cause fiber termination, thus in this aspect, a hydrophilic material would be 
ideal instead. Where PEC fiber formation is concerned, a hydrophilic substrate would 
be undesirable because the polyelectrolytes may spread out too thinly and fiber 
formation can be compromised. Therefore, a compromise is needed to fulfill both 
aspects. It was determined that the glass substrate was the most suitable material as it 
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Figure 3.8: Plot of contact angle measurements of various materials, n=10.  
 
3.7.2 Device Setup 
The device consists of an outer syringe that encloses an inner syringe that is offset 
from the center. The nozzle of the larger syringe is of 5 mm and is sectioned 
horizontally. The poly-electrolytes are fed into the syringes via the inlets using a 
syringe pump at a rate of 10µL/min. A glass slide is placed on the lower half of the 
nozzle to improve the flow of the terpolymer. The nozzle of the inner syringe is 
attached to a syringe needle and dispenses small droplets of methylated collagen onto 
the terpolymer that flows along the glass slide on the larger syringe nozzle. Using a 
pair of forceps to pinch the region at the tip of the nozzle, the PEC fiber was drawn 
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and attached to the roll-up apparatus revolving at 17 cm/min (Refer to Figure 3.8). 
This device and improved method of PEC fiber drawing has been filed and disclosed 
in 2007. 
 
Figure 3.9: PEC fiber drawing device setup and schematic diagram of the 
polyelectrolyte interface area.  
 
3.7.3 Effects of Flow Rates and Drawing Rates 
The effects of methylated collagen flow rates and the fiber drawing rates were studied 
with methylated collagen concentrations of 3mg/mL and 5mg/mL. It was observed that 
at concentrations above 5mg/mL and below 3mg/mL, the methylated collagen 
solutions were either too viscous or too diluted for fiber formation, respectively. Using 
the device, 3mg/mL of methylated collagen produced longer fibers compared to 
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5mg/mL of methylated collagen under identical flow rate and fiber drawing rate. The 
higher methylated collagen concentration used resulted in a relatively faster 
accumulation of aggregates at the inlet needle tip where the methylated collagen 
droplet was dispensed and thus resulted in early fiber termination.  
The flow rates of both methylated collagen and terpolymer were kept the same and the 
fiber drawing rate of motorized roller was varied to determine the length of fiber that 
can be drawn continuously before fiber termination. The length of fiber drawn versus 
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Figure 3.10: (A) Length of fiber drawn versus polyelectrolytes flow rates using 
5mg/mL methylated collagen. (B) Length of fiber drawn versus polyelectrolytes flow 
rates using 3mg/mL collagen.  
 
It is observed that with the exception of the curves with the lowest fiber drawing rate 
of 9cm/min, all the curves obtained from 2 different collagen concentrations exhibit 
similar trends. There is an initial plateau followed by a sharp increase in fiber length 
with the increment of methylated collagen/terpolymer flow rate. Once the peak in fiber 
length is reached, a gradual decrease in the fiber length is observed. 
The initial plateau is due to the slow methylated collagen flow rate not being able to 
replenish the methylated collagen pool before it was completely consumed and hence 
fiber formation was terminated. As the methylated collagen was dispensed in the form 
of discrete droplets and not as continuous stream, gradual increase in methylated 
collagen flow rate has no effect as the droplets were unable to reach the methylated 
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collagen pool in time before the reserve was consumed. The plateau was more 
pronounced when the fiber drawing rate was 45 cm/min and longer fibers were only 
achieved at methylated collagen flow rate of 30µL/min and greater. In such 
observations, this is where the rate of methylated collagen consumed in the reserve is 
similar to its replenishing rate, where the dispensed droplet enters the reservoir at the 
point when the methylated collagen pool is nearly exhausted. 
As long as the dispensed methylated collagen droplet is able to replenish the reserve 
before it completely depletes, the fiber drawing process can ideally continue. However, 
as the fiber is also in contact with the methylated collagen inlet needle, the 
accumulation of the aggregates at the needle tip would eventually occur and cause 
fiber to terminate.  
At the fiber drawing rate of 9cm/min, the rate of consumption of the collagen is very 
slow and the interface between polyelectrolytes eventually becomes unstable and the 
methylated collagen will mix with the terpolymer through the diffusion process which 
leads to the formation of aggregate which in turn causes early fiber termination. 
Therefore the lengths of fibers drawn at this drawing rate are the shortest.  
At the fiber drawing rate of 45cm/min, the fiber lengths formed was not as long as 
those produced by slower drawing rates. This might be due to the instability of the 
interface as the drawing rate increases. In addition, there could be a critical drawing 
rate where no fiber could be drawn above this critical rate. The more viscous the 
polyelectrolytes, the slower the draw rate is required in order to form a fiber 
successfully. Thus, the “fiber point” [31] corresponds to the initial fiber formation 
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event that gives structural integrity to the fiber form. This process occurred more 
slowly in viscous solutions and was also likely to be diffusion dependent as well.  
Therefore from Figure 3.10, selecting a fiber drawing rate between 17 to 24 cm/min 
and a polyelectrolyte flow rate between 10 to 15µL/min would be the optimal 
conditions to produce PEC fiber continuously.   
 
3.7.4 Discussion 
The essence of the device lies in the maintenance of the interface between the 
polyelectrolytes which is crucial for PEC fiber formation. The PEC fiber can be drawn 
continuously as long as the interface between both polyelectrolytes is maintained. In 
this device, collagen droplets formed floating units on the surface of the terpolymer. 
The interface formed between the 2 polyelectrolytes is horizontal and the PEC fiber is 
drawn from this interface (Figure 3.9). As the aggregate formation is localized and 
formed just below the interface, the flow of the terpolymer would remove the 
aggregate continuously. 
However, once the methylated collagen droplet is consumed, the fiber terminates. 
Therefore, in order to ensure continuous fiber drawing, a small reservoir of methylated 
collagen needs to be maintained. This can be achieved by positioning the inlet needle 
near to the newly formed fiber so that droplets of methylated collagen dispensed will 
be guided by the fiber to replenish the reserve at the methylated collagen-terpolymer 
interface. This method is the most promising so far as about 2.4 meters of fiber has 
been spun out continuously.  
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Chapter 4: Characterization of Polyelectrolyte Complex (PEC) Fibers 
and Polypyrrole incorporated PEC fibers 
 
The characterization of PEC and polypyrrole incorporated PEC fibers was carried out 
and the mechanical properties, fiber surface morphology, fiber swelling and 
distribution of collagen in fibers will be presented and examined in this chapter.     
  
4.1 Mechanical property measurement of PEC fibers 
The tensile properties of the fibers were performed according to ASTM D 3822 using a 
nano tensile testing sytem (Nano Bionix System, MTS, USA). The PEC fibers were 
tested at room temperature and in dry condition. Figure 4.1 shows the sample 
preparation for the uniaxial tensile tests.  
The fibers were drawn from the polyelectrolyte interface and hooked onto the roller 
spinning at 17cm/min. A cardboard frame was bought close to the roller to collect a 
single strand of fiber and adhesive tapes were used to secure the fiber at the ends. This 
process was repeated to collect 10 samples of each fiber type and the samples were left 
to dry in a dessicator for 1 day. The cardboard frame bearing a single fiber strand was 
mounted onto the nanotensile tester. Each fiber has a gauge length of 10 mm. The 
sides of the frame were snipped off before the fiber was subjected to uniaxial tensile 
loading at a strain rate of 3.7 x 10-2 s-1 until it breaks. 











dashed line just 
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The methylated collagen concentrations of 3mg/mL and 5mg/mL were used to obtain 3 
sets of PEC fibers. Uniaxial tensile tests were performed to investigate the changes in 
the PEC fiber mechanical properties at both upper and lower methylated collagen 
concentration limits permissible for fiber formation. The uniaxial tensile tests results of 
the fibers were presented in Table 4.1. 
 
Table 4.1: Mechanical properties of Collagen-Terpolymer PEC fibers (n =10) 















212.9 ± 42.0 
 
 
19.7 ± 3.0 
 
 




304.0 ± 61.0 9.91 ± 4.7 10.4 ± 4.3 15.9 ± 8.8 
 






























Figure 4.2: Stress-strain graphs of Collagen 5mg/mL-Terpolymer 0.55wt% (denoted 
by Collagen 5mg/mL in legend), Collagen 3mg/mL-Terpolymer 0.55wt% (Collagen 
3mg/mL) and Polypyrrole-Collagen 5mg/mL-Terpolymer 0.55wt% (Pyr + Collagen 
5mg/mL) 
 
The ultimate tensile strength of PEC fibers made with 5mg/mL methylated collagen 
was 244.6 ± 43.0 MPa and the strain at failure was 24.4 ± 4.1%. When the methylated 
collagen concentration was reduced to 3mg/mL, the ultimate tensile strength was 
reduced to 212.9 ± 42.0 MPa and the strain at failure was 19.7 ± 3.0%.  
Addition of 0.1 M of polypyrrole to the PEC fibers has increased the PEC fiber 
Young’s modulus to 10.4 ± 4.3 GPa and decreased the fiber toughness to 15.9 ± 8.8 
MPa. The tensile strength and strain at failure obtained was 304.0 ± 61.0 MPa and 9.91 
± 4.7% respectively. The fibers have also become brittle with the incorporation of 
polypyrrole and the stress-strain characteristics of the PEC fibers with and without  
polypyrrole are shown in Figure 4.2.  
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The decrease in strain at failure values for polypyrrole-PEC fibers is expected as the 
incorporation of polypyrrole particles which have a higher material modulus within a 
PEC fiber matrix (softer modulus) often results in the material interface mismatch 
which permitted the fast propagation of any microcracks that exist within the 
polypyrrole and PEC fiber interface. This observation is also in agreement with R.A 
Green’s observation [49] on electroactive materials, where addition of an electroactive 
component into a material system often increases the material brittleness.  
The 3 sets of fiber samples were analysed with student t-tests and the obtained results 
were not significantly different. This is expected as the range of collagen concentration 
used in this study was narrow and the amount of pyrrole used was low as well. The 
methylated collagen concentrations used was 3mg/mL and 5 mg/mL were used to 
obtain the 3 sets of fibers for the tests. It was observed that at concentrations above 
5mg/mL and below 3mg/mL, the methylated collagen were either too viscous or too 
diluted for fiber formation respectively.  
The concentration of pyrrole used for PEC fiber incorporation was studied from the 
range of 0.05 M to 0.2 M [85]. We observed that at concentrations between 0.05 M 
and 0.1 M, most of the incorporated pyrrole was present in the PEC fiber beads. At 
ranges 0.1 M to 0.2 M, pyrrole was observed in the fiber beads and within the main 
fiber as well. However, as the pyrrole concentration approached 0.2 M, the resulting 
fibers were very brittle and difficult to handle. An optimium pyrrole concentration of 
0.1 M was chosen where pyrrole was distributed within the main PEC fiber and fiber 
bead regions and the resultant fibers were reasonably easier to handle.   
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Determination of the mechanical properties of the hydrated PEC fibers was attempted 
but without success. The hydrated PEC fibers were too delicate for the clamps to hold 
and the fibers dried up quickly before a measurement could be completed. Spraying 
PBS on the PEC fibers was attempted but the wetness of the fibers was not 
homogeneous, especially at the clamp areas. 
 
4.2 AFM imaging 
Atomic force microscope (AFM) (Dimension 3100, Digital Instruments, USA) was 
used to study the fiber surface morphology. AFM is a type of scanning probe 
microscope where a microscale cantilever with a sharp tip is used to scan a specimen 
surface. Fibers were collected on a mica surface, dried in a desiccator for a day before 
imaging in tapping mode. The AFM tip which was oscillating at its resonant frequency 
was positioned above the fiber surface so it only tapped the surface for a very small 
fraction of its oscillation period. Silicon nitride tips with resonance frequencies of 279-
300 kHz were used for this study. As the tip scanned over the fiber surface, the 
oscillation amplitude of the tip changed with the fiber surface topography and a 
topographical image was generated by monitoring these amplitude changes and closing 
the feedback loop to minimize them. This image is known as the height image. The 
amplitude image is the derivative of the height image. It is generated when the 
feedback electronics are switched off and the height gradients are measured instead of 
absolute heights. The amplitude image is thus more sensitive to the difference in height 
topographies of the fiber surface and provides better resolution of nanoscale details. 




4.2.1 PEC Fiber Diameter Measurement  
Figure 4.3 (A) is a 30μm scan showing the height image of the terpolymer-collagen 
fiber deposited on a mica surface. Figure 4.3 (B) is the amplitude image of the fiber 
and as it is the derivative of the height image, the topographical details of the fiber 
surface can be seen clearly. The fiber surface is not smooth, with ridges and valleys 
that are due to the fibrils present in the fiber. The section analysis of the fiber image 
across the indicated line and red arrows is shown in Figure 4.3 (C) where the peak 
represents the fiber. The mica provides a flat surface which permits the height 
measurement of the peak and the fiber diameter can be determined. The mean fiber 
diameter was 3.31 ± 0.11 µm based on 30 measurements. 
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Figure 4.3: AFM height and amplitude images and section analysis of the main fiber 
(A)-(C) and bead region (D)-(F) respectively. (A)-(B) are 30 µm scans and scale bar = 
7.5 µm. (D)-(E) are 68.6 µm scans and scale bar = 17 µm. 
 
Figure 4.3 (D) and (E) are the 68.6µm scan height and amplitude images of the bead 
region of the fiber respectively. Beads are present in the terpolymer-collagen fibers 
when charge instability occurred at the interface during fiber formation. They are 
spaced at regular intervals along the fiber length and when the fibers are left to dry, the 
beads will shrink and eventually form slight protuberances. The fiber was collected 
onto a mica surface before the bead was completely dried and the image showed the 
presence of fibrils “fanning out” from the main fiber to form the bead region. A section 
analysis of the bead in Figure 4.3 (F) shows the height difference between the main 
fiber and the bead region. The bead region is much flatter with the fibrils spreading 
over a larger area compared to the main fiber. The charge instability present during 
fiber formation prevented the fibrils from coalescing together and thus enables us to 
observe from the bead region that the main fiber is actually a bundle of sub-micron 
sized fibrils. 
 
4.2.2 PEC Fiber Surface Topography and AFM Phase Imaging  
Figure 4.4 (A-C) and (D-F) are 4 µm and 1.57 µm AFM scans of the main fiber which 
revealed sub-micron sized fibrils aligned along the fiber axis, respectively. The phase 
images are secondary images obtained from AFM tapping mode. Phase imaging is the 
mapping of the phase lag between the periodic signal that drives the AFM tip and the 
tip oscillations and changes in the phase lag often indicate compositional changes in 
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the fiber surface. The phase images, Figures 4.4 (C) and (F) showed that PEC fibers 
have a heterogeneous composition and that the sub-micron fibrils are mainly made up 
of distinct material phases. 
 
 
Figure 4.4: (A-C) 4µm and (D-F) 1.57µm AFM height, amplitude and phase images of 
collagen-terpolymer fiber, respectively. The AFM height scale bars are presented at the 
extreme left. The height (A,D)  and amplitude images (B,E) show the topographical 
details of the fibrils of the main fiber and the phase images (C,F) show the material 
composition variations of the fiber. (A)-(C): scale bar = 1µm, (D)-(F): scale bar = 0.40 
µm. 
 
4.2.3 AFM imaging of Wet PEC Fibers 
1x PBS was added onto PEC fibers and scanned with AFM in tapping mode. The 
fibers were immersed for about 30 minutes before scanning. Figure 4.5 shows the 
obtained AFM images within the first hour of imaging. It is observed that the fiber 
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topography is maintained in wet conditions but the fiber began to swell, the fiber 
surface became smoother though the topographical features were still observable. As 
the fiber hydration continued, the fibers soon became sticky and subsequent imaging 
was unsuccessful.  
 
Figure 4.5: AFM imaging of (A) 10µm and (B) 5µm height and amplitude images of 
PEC fibers immersed in 1 x PBS. (A) Scale bar = 2.5 µm, (B) Scale bar = 1.3 µm. 
 
4.2.4 AFM imaging of polypyrrole PEC fibers 
Pyrrole-incorporated PEC fibers were fabricated and collected on glass coverslips. The 
pyrrole concentration was fixed at 0.1M. The fiber samples were subsequently 
immersed in 0.5 M iron (III) chloride solution overnight at 4oC, washed with 100% 
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ethanol and ultrapure water before drying in a dessicator. The dried samples were 
mounted onto the AFM for imaging.  
The samples were first observed with an optical microscope. The regions where 
polypyrrole was present in the fibers were clearly observed under polarized light in 
Figure 4.6. It was observed that for samples with 0.1 M pyrrole incorporation, 




Figure 4.6: AFM imaging of polypyrrole incorporated PEC fibers. Polypyrrole regions 
and regions where polypyrrole was absent were scanned and compared with the 
polarized light image of the fibers. 
 
AFM images of the polypyrrole regions show the conservation of the fiber surface 
topography as evidenced by the height and amplitude images which are similar to 
                                                                       Chapter 4: Characterization of PEC Fibers  
 
  Page 65 
those of fiber regions without polypyrrole. The differentiation lies with the obtained 
AFM phase images in which the polypyrrole regions show distinct material phases, 
where the bright regions correspond to areas with harder material modulus and the 
darker regions correspond to areas with relatively softer material modulus. AFM phase 
images of the regions without polypyrrole, on the other hand, do not show phases with 
such distinct material modulus.     
AFM section analysis was carried out on polypyrrole regions and the results are 
presented in Figure 4.7. From the AFM images, the polypyrrole particles were found to 
be incorporated within the fibers and not coated onto the fiber surface. This is 
evidenced by the presence of aligned fibers which were shown to encapsulate the 
polypyrrole particles. Section analysis of the incorporated polypyrrole particles 
measures the size of the incorporated particles by determining the vertical distances 
between the substrate and the tip of polypyrrole particles, indicated by the red and 
green arrows. The size of the polypyrrole particles was in the range of 1.4 to 3.0 µm.   




Figure 4.7: AFM imaging and section analysis of polypyrrole incorporated PEC fibers. 
 
The studies have shown that the fiber bead regions tend to be regions concentrated 
with the “encapsulants” of interests. The fiber bead regions are rich in polypyrrole, 
indicating that pyrrole monomers tend to congregate in the region before 
polymerization occurs. It could also indicate that the bead region is more permeable to 
aqueous solvents and therefore more of the FeCl3 solution could enter the fiber bead 
region quickly and polymerize the pyrrole monomers.   
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4.3 Quantum dot labelling of collagen 
Quantum dots are semiconductor nanoparticles that can be used in the fluorescence 
imaging of cells and living animals [86]. Quantum dots give intense florescence 
emission, making it easier to track single protein molecules and compared to small 
molecule dyes, they are remarkably resistant to photobleaching. Biotin conjugated 
anti-Collagen Type I (Rabbit) antibodies (Rockland Immunochemicals, Inc. USA) and 
streptavidin-conjugated quantum dots were used to label the collagen proteins in PEC 
fibers.  
The antibodies against collagen type I will be introduced to the collagen solution and 
they will bind specifically to the collagen proteins. The biotinylated collagen is then 
recognized by a streptavidin-conjugated quantum dot (secondary antibody) with a 




Type I  
Streptavidin 
conjugated 




Figure 4.8: Schematic diagram of methylation collagen proteins labeled with 
streptavidin conjugated quantum dots. 
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The anti-Collagen Type I antibody was added to the methylated collagen solution at a 
dilution ratio of 1:3000. The mixture was incubated at room temperature for 3 hours 
and dialyzed against deionized water. Streptavidin conjugated quantum dots was added 
at a dilution of 1:50 and incubated for 10 minutes in the dark. Methylated collagen 
incubated with quantum dot solution without primary anti-Collagen I antibodies was 
used as a negative control. 
5µL of the quantum dot labelled methylated collagen and 5µL of terpolymer was used 
to draw the PEC fibers. The fibers were collected on glass coverslips, washed with 
PBS and mounted onto glass slides for confocal imaging. When viewed at an 
excitation wavelength of 605nm, the quantum dots will emit an intense fluorescence 
and the distribution of collagen in the terpolymer-collagen fibers is observed.  This is 
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Figure 4.9: Schematic diagram of a terpolymer-collagen PEC fiber formed with 
quantum dot labelled methylated collagen.  
 
4.3.1 Distribution of Collagen in Fibers 
The images of quantum dot labelled PEC fibers are presented in Figure 4.10. In Figure 
4.10(A)-(C), it was clear that collagen was uniformly distributed throughout the fiber 
and at higher magnification, the collagen proteins were also presented within each of 
the submicron fibrils. In contrast, collagen distribution was heterogeneous in the bead 
regions and it was concentrated mainly at the fiber core, as shown in Figure 4.10(D). 
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Figure 4.10: Quantum-dot labeling of collagen in PEC fibers and detection of collagen 
in (A) Sub-micron fibrils, (B) and (C) main fiber and (D) fiber bead region. 
 
4.4 Fiber Swelling Studies 
12 pieces of glass coverslips were preweighed and PEC and Polypyrrole-PEC fibers 
were collected on 6 glass coverslips each and weighed. 1 x PBS was added onto each 
coverslip and the fluid uptake of the fibers was determined. At specific time points, 
filter paper was placed at the side of each coverslip to remove the excess fluid and 



























Figure 4.11: Swelling studies of PEC and Polypyrrole PEC fibers, n=6. 
 
The degree of swelling of the fibers is defined by the following equation: 
Degree of Swelling ൌ  Wୣ୧୥h୲ ୭୤ h୷ୢ୰ୟ୲ୣୢ ୱୟ୫୮୪ୣିWୣ୧୥h୲ ୭୤ ୢ୰୷ ୱୟ୫୮୪ୣ
Wୣ୧୥h୲ ୭୤ ୢ୰୷ ୱୟ୫୮୪ୣ
x 100%  --- (1) 
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Both set of fibers underwent 7 to 12% of swelling over a period of 54 hours and the 
results are presented in Figure 4.11. As the concentration of pyrrole used for the 
incorporation work was 0.1 M, both sets of data are not significantly different, as 
determined by student t-tests.  
 
4.5 Discussion 
Polymers from synthetic and natural origins have their own advantages and 
disadvantages when used as tissue scaffolding materials. The PEC fibrous scaffold is 
designed to take advantage of the complementary merits of these two classes of 
biomaterials. Interfacial polyelectrolyte complexation has been used to produce 
polyion complex fibers like poly(lysine)-gellan [87] and water-soluble chitin-alginate 
[20] and we have previously applied this concept to encapsulate different biologics, 
including cells, using the alginate-chitin polyelectrolyte pair [20, 22]. However, these 
alginate-chitin PEC fibers were mechanically weak and suboptimal for cell adhesion 
and proliferation. Hypothesizing that inclusion of collagen would enhance cellular 
interaction; we custom-designed the polyanion to render this collagen based PEC fiber 
design possible.  
Uniaxial tensile testing of single dehydrated PEC fiber strands allow us to compare the 
mechanical properties of the PEC fibers with tissue engineering fibers that have been 
reported mostly in dehydrated state and measured with a tensile tester at reproducible 
and well established protocols. The mechanical properties of biodegradable polymers 
extensively used as biodegradable scaffolds are as follows [1]:  
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Table 4.2: Mechanical properties of selected biodegradable scaffolds [1] 






Poly (glycolic acid) PGA 10-20 60-100 20-40 
Poly (lactic acid), PLA 10-50 1000-3000 2-40 
Poly (ε-caprolactone), PCL 15-60 300-400 100-800 
Poly (3-hydroxybutyrate), PHB 15-40 500-2500 2-40 
Poly (ortho esters) 15-30 700-1200 10-300 
 
The obtained mechanical measurements of the PEC fibers showed that they possess 
higher mechanical tensile strength and failure strain compared to alginate-chitosan 
polyelectrolyte complex fibers [22, 88] and those listed in Table 4.2. In addition, the 
addition of polypyrrole particles to PEC fibers has increased the mechanical tensile 
strength and decreased the strain-of-failure of the fibers. Compared with the materials 
that are commonly used as tissue engineering scaffolds, the mechanical properties of 
both PEC and PPy-PEC fibers are comparable, if not stronger in some aspects such as 
ultimate tensile strength, Young’s modulus and elasticity. Therefore, the collagen-
terpolymer fiber system has its appeal in the tissue scaffold applications as it is 
mechanically comparable if not stronger than some of the biodegradable polymers and 
it has its added advantage of having collagen within its architecture as well as the 
capability of encapsulating either biologics or other material components to tailor-suit 
its intended application.  
AFM imaging of PEC fibers revealed that each PEC fiber is a bundle of sub-micron 
fibrils orientated along the fiber axis and the fibrils are mainly made up of distinct 
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material phases. The polypyrrole incorporation methodology which we have adopted 
enabled the effective encapsulation of pyrrole monomers in PEC fibers and as the PEC 
fibers are permeable, pyrrole polymerization occurred within the fibers when the fibers 
were immersed in iron (III) chloride overnight. AFM imaging has confirmed the 
presence of polypyrrole particles dispersed throughout the fibers and they remained 
within the fibers. Hence, the fiber system would be particularly useful in tissue 
engineering applications where collagen will be present on the fiber surface to aid cell 
adhesion and polypyrrole particles are present within the fibers which can electrically 
stimulate the adhered cells.   
Quantum dot labelling of collagen has confirmed the presence and distribution of 
collagen in the fibers. Factors contributing to bead formation in polyelectrolyte 
complex fibers are unclear, although there have been hypotheses that charge instability 
and presence of aggregates at the fiber forming interface [31] prevent the fibrils from 
coalescing together to form a fiber. The beads collapsed into slight bumps when the 
fibers were left to dry, suggesting that the gel in the beads could have been the excess 
aqueous solvents that were drawn up into the fibers during fabrication.  
The findings from the fluorescent labelling study are important because they 
demonstrate the uniqueness of the collagen-terpolymer PEC fibers; that unlike 
collagen-coated fibers where collagen is only present on the fiber surfaces, collagen 
proteins are present throughout the fiber structure and exist as sub-micron fibrils. Thus, 
when cells are encapsulated within the PEC fibers, they are surrounded by these 
collagen sub-micron fibrils which may have an influence on how they behave when 
cultured for long periods. The mechanical properties of the fibers are stronger than 
                                                                       Chapter 4: Characterization of PEC Fibers  
 
  Page 74 
natural collagen fibers [89] and thus, we have effectively produced a biohybrid 
synthetic collagen fiber system.  
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Chapter 5: Seeding and Encapsulation of Human Mesenchymal Stem 
Cells in PEC Fibers  
 
5.1 Introduction 
Optimal tissue development requires infiltration of cells into the scaffold and therefore, 
the spatial distribution of cells within a three-dimensional matrix is critical for the 
success of any tissue engineering construct. PEC fibers endowed with cell-
encapsulation capability would facilitate the achievement of this objective. 
Encapsulation of cells with IPC technique has advantages over encapsulation of cells 
in gels as the porous architecture allows efficient nutrient/waste exchange and in 
essence 3-D cell patterning. 
This chapter explores the encapsulation process of hMSCs (hMSC-encap) in PEC 
fibers and the hMSCs behaviour in terms of cytoskeletal organization and mRNA 
expressions were compared with hMSCs that were seeded on PEC fibers (hMSC-
seed).  
The findings would enable us to assess the appeal of IPC for scaffold design in general 
and the promise of collagen-based hybrid fibers for tissue engineering in particular. It 
also lays the foundation for building fibrous scaffold that permits 3D spatial cellular 
organization and multi-cellular tissue development. 
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5.2 hMSC Culture and Expansion of Cell Lines 
Passage 2 hMSCs were purchased from Cambrex (Poietics; Lonza, Switerzland), 
cultured and expanded in mesenchymal stem cell growth medium (MSCGMTM). The 
cells were grown in T75 tissue culture flasks and the growth medium was replaced 
every 2 days. The cells were sub-cultured every 6 days and some were frozen and kept 
in liquid nitrogen for long term storage. The hMSCs used in the experiments were 
between passages 4 and 7.  
 
5.3 hMSCs Seeding on PEC Fibers 
Dried PEC fibers were immersed in 70% ethanol for 30 minutes before 3 hours of UV 
irradiation. They were washed 3 times with sterile PBS, placed in 24-well culture 
plates and secured with Teflon rings. 100µL of cell suspension containing 104 cells 
hMSCs was added to the top of the fibers and after 30 minutes of cell seeding, fresh 
MSCGM was added to the culture well. The cultures were incubated at 37oC with 5% 
CO2 and the medium was replaced every 2 days. 
 
5.4 hMSC Encapsulation in PEC Fibers 
hMSCs cultured in T75 flasks were trypsinized and washed with PBS before adding to 
100µL of methylated collagen to make a cell suspension of 3 x 105 cells/mL. 5µL of 
methylated collagen containing cells were placed on a sterile petri dish next to 5µL of 
terpolymer solution. A pair of tweezers was used to bring the 2 droplets together and 
draw a cell-encapsulated fiber. The fiber was collected on a glass coverslip and washed 
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with PBS before immersing in cell culture medium immediately. This was repeated 
until 20 cell encapsulated fibers were collected and the samples were transferred from 
the glass coverslip into a 6-well Transwell plate and incubated at 37oC with 5% CO2. 
The culture medium was replaced every 2 days. 
Cell encapsulation efficiency was estimated by counting the number of cells left on the 
Petri dish after the fibers were drawn. 20 µL of Trypsin was added to the residue 
solution and the cell suspension was collected. Trypan blue was added to each tube 
and the cells were counted with a haemocytometer. The cell encapsulated efficiency of 
terpolymer-collagen fibers was found to be 94.4 ± 4.9 % and the number of samples 
used for this calculation was 40.  
 
5.4.1 Cell Concentration Effects 
Figure 5.1(A) shows the schematic diagram of the cell encapsulation process. The cell 
concentration used for the process was varied from 5 x 103 cells/mL to 2 x 106 
cells/mL to study its effects on PEC fiber formation.  
Figures 5.1 (B) and (C) show PEC fibers with cells 3 hours after the encapsulation 
process. The cell concentration used in (B) was 2.6 x 106 cells/mL and the fibers were 
almost obscured by the large amount of cells.  The cell concentration was reduced to 
9.6 x 105 cells/mL and the cells were seen to be either adhered onto the fiber surface or 
encapsulated within the fibers in Figure 5.1 (C). The adherence of cells suggests an 
affinity towards the fiber and it is likely due to the presence of collagen in the fiber 
system.  




Figure 5.1: (A) Schematic diagram on how hMSCs were encapsulated in PEC fibers. 
Optical Micrographs of PEC fibers 3 hours after cell encapsulation: hMSCs 
concentration used was (B) 2 x 106 cells/mL and (C) 9.6 x 105 cells/mL. Note: the 
fibers in (B) are obscured by the large amount of encapsulated cells.  Bar = 100 µm    
 
We have observed that there is a limit on the cell density achievable in PEC fibers. 
Therefore, the ratio of cells to PEC fibers formed instantaneously at the interface is an 
important parameter to optimize. 2 x 106 cells/mL was the maximum cell 
concentration we could encapsulate before fiber formation ceased. However after 1 
week of culture, most of the hMSC-encap had migrated out of the fibers and fiber 
fragments were observed at the bottom of the culture plate. At lower cell 
concentrations (less than 5 x 103 cells/mL), the cell encapsulation efficiency suffers. 
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Fibers without hMSCs were used as controls and no fiber fragments were observed for 
the same time point, indicating that the fiber fragments were not caused by fiber 
degradation. Thus, achieving an optimum condition where there are substantial amount 
of cells encapsulated in the fibers without compromising fiber formation is necessary. 
The hMSC concentration was further optimized to 3 x 105 cells/mL to minimise cell 
overcrowding and fiber fragmentation.  
 
5.5 Cell Viability and Proliferation Studies  
The viability and proliferation of hMSCs-seed and hMSCs-encap were verified by 
live/dead cell assay (Molecular Probes and Sigma-Aldrich, Singapore) and Alamar 
Blue. For live/dead assay, CellTracker™ Green CMFDA (5-chloromethylfluorescein 
diacetate) and propidium iodide (PI) were used. The cells were incubated in 300µL of 
cell culture medium containing 0.02mM CMFDA for 45 minutes at 37oC, washed with 
PBS before incubating in 300µL of 0.05mg/mL PI for 5 minutes. The samples were 
washed twice in PBS and viewed under fluorescence microscope immediately.  
For Alamar Blue cell proliferation assay, 40µL of Alamar Blue solution was added to 
400 µL cell culture medium and the samples were incubated for 3.5 hours. The 
medium was removed and the fluorescence intensity readings were taken at excitation 
and emission wavelengths of 544nm and 590nm respectively.  




Figure 5.2: Live/dead assay of encapsulated (A-C) and seeded hMSCs (D-F) at day 7, 
14 and 21. Bar = 100µm; (G) Alamar blue viability and proliferation assay of the 
hMSCs from day 7 to day 21.   denotes hMSCs seeded onto PEC fibers and  
denotes hMSCs encapsulated in PEC fibers. 
 
CellTrackerTM stains live cells green and PI stains the non viable cells red. The results 
in Figure 5.2 (A-F) showed that the hMSCs remained viable in all the scaffolds after 
21 days. hMSCs-encap were rounded while hMSCs-seed adhered and elongated along 
the fiber axis. The viability and proliferation of hMSCs-encap and hMSCs-seed were 
examined with Alamar blue assay [Figure 5.2 (G)]. The absorbance values obtained at 
days 14 and 21 were normalized with those at day 7 to observe the rate of proliferation 
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in hMSCs-encap and hMSCs-seed. hMSCs-encap increased about 2.5 folds at day 14 
and 17 folds at day 21, while hMSCs-seed increased about 1.5 and 5 folds at days 14 
and 21 respectively.  The results show that the cell-encapsulation process is not 
detrimental to the cell viability and that the PEC fiber supports the proliferation of the 
encapsulated cells for at least 21 days.   
 
5.6 Cytoskeletal Staining of Seeded and Encapsulated hMSCs  
The samples were washed with 1xPBS and fixed with 4% paraformaldehyde for 20 
minutes and washed once with 1xPBS. The samples were permeabilized in 0.1% 
Triton X-100 for 20 minutes and were washed twice with 1xPBS before they were 
blocked with 1% BSA for 1 hour at room temperature. For α-tubulin staining, the 
samples were incubated with 1:50 monoclonal mouse anti-α-tubulin (Sigma Aldrich, 
Singapore) overnight at 4oC. The samples were washed 3x in 0.05% Triton-X and 1% 
goat serum before they were incubated with 1:750 Alexa-Fluor 488 conjugated goat 
anti-mouse for 1 hour at room temperature. The samples were washed twice with PBS 
and incubated with TRITC phallodin (dilution 1:500) and DAPI (1:2500) for 20 
minutes at room temperature before they were mounted and viewed under a confocal 
fluorescence microscope.  
The cytoskeletal organisation of hMSCs-encap and hMSCs-seed are shown in Figure 
5.3. hMSCs-encap were mostly spherical or elliptical (Figure 5.3i (A-C)) and tiny actin 
filaments were observed to be extending out of some cells (Figure 5.3ii (A)). hMSCs-
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encap were observed on different z-planes of the scaffolds, demonstrating that our 
fibrous scaffolds have cells well distributed within its architecture (Figure 5.3ii (B)). 
hMSCs-seed elongated with the fibers are shown in Figure 5.3i (D-F). The actin fibers 
in the cells aligned with the PEC fiber direction and the cells were observed to 
elongate and make cell-cell contact with one another. Figure 5.3ii (C) shows 3 hMSCs 
seeded on a fiber strand elongating and contacting one other while a hMSC seeded on 
a perpendicular fiber (indicated by white arrow) was observed to elongate and 
establish contact with these cells. A 3D reconstruction of the confocal z-stack images 
in Figure 5.3ii (D) shows seeded hMSCs elongating and following the contours and 
topography of the fibers. 
 
 




Figure 5.3: Cell cytoskeletal organization of (i) (A-C) hMSCs encapsulated in PEC 
fibers at day 7, 14, and 21. Bar = 20µm. (i) (D-F) hMSCs seeded on PEC fibers at day 
7, 14 and 21. Bar = 50 µm. (ii) (A) shows the actin filament extensions in encapsulated 
hMSCs (indicated by white arrows). Bar = 20µm. (ii) (B) and (D) show the 3D images 
of hMSCs encapsulated in and seeded on PEC fibers, respectively. (ii) (C) shows 
hMSCs elongating and establishing cell-cell contact with one another. Bar = 50µm. (F-
Actin is stained red and the cell nucleus blue.) 
 
The distribution of cytoskeletal proteins in hMSCs that are seeded on PEC fibers were 
observed by immunofluorescent co-staining of α-tubulin and F-actin and is presented 
in Figure 5.4.  
 




Figure 5.4: Cytoskeletal organization of hMSCs seeded on PEC fibers at day 21. α-
tubulin is stained green, F-actin is stained red. The cell nuclei are stained blue.  
 
5.7 Reverse Transcriptase PCR Studies of hMSCs  
The samples were stabilized with RNAlater RNA stabilization Reagent (Qiagen, 
Singapore) and homogenized with QIAshredder. The RNA was isolated using RNeasy 
Minikit (Qiagen, Singapore) and synthesis and amplification of cDNA were carried out 
with Qiagen One-Step RT-PCR kit with the primers (1st Base, Singapore) listed in  
Appendix B.1 and the annealing temperature was 60oC. Human β-actin was used as a 
housekeeping gene. 33 cycles of PCR was carried out on a MJ Research PTC 100 
Thermal Cycler and the PCR products were resolved in an agarose gel (1.2%) in 1x 
TAE buffer (60V at 10cm).  
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Figure 5.5 shows the expression of neural, hepatogenic, chondrogenic, osteogenic and 
adipogenic markers in both hMSC-encap and hMSC-seed scaffolds between day 7 and 
21. hMSCs cultured on tissue culture flasks in MSC growth medium were used as 
control. All samples expressed Sox 9, CBFA-1, AFP, PPARγ2, nestin, GFAP, collagen 
I, osteopontin and osteonectin. HNF4α, albumin, osteocalcin, collagen II, collagen X 
and leptin expressions were absent in all samples. Aggrecan and MAP2 expression 
were observed in hMSCs-seed at day 14 and 21. A faint band for Noggin was detected 
in hMSC control and the expression was upregulated in both encapsulated and seeded 
hMSC samples at day 14 and day 21.  
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Figure 5.5: Gene expression of various lineage markers of hMSC encapsulated in or 
seeded on PEC fibrous scaffold at day 7, 14 and 21 of culture. Control is hMSC 
cultured on tissue culture flasks in MSC growth medium. 
 
5.8 Discussion  
Based on electrostatic interaction of oppositely charged polyelectrolytes, IPC produced 
stable fibers under aqueous and room temperature conditions for scaffold construction  
and this technique is also amenable to encapsulation of proteins [20], cells [22] and 
DNA [45] into the fibers. 
 
5.8.1 hMSCs-encap and hMSCs-seed Behaviour and Interaction with PEC Fibers 
As anchorage-dependent cells, the viability of hMSC drops considerably when 
encapsulated in a hydrogel that does not present any biological cues for adhesion [24]. 
In this study, live/dead staining and proliferation assays demonstrate the capability of 
the PEC fibers to support the proliferation of hMSCs-encap for at least 21 days. The 
high cell number observed in hMSCs-encap samples might be attributed to the 
presence of collagen in PEC fibers which provide the integrin sites needed for cellular 
attachment.  
Cell encapsulation by IPC is simple and rapid. When both oppositely charged 
polyelectrolytes are in contact at the interface, the formation of the insoluble complex 
and up-drawing of it as a nascent fiber causes a decrease in fluid density at the 
interface area. This decrease led to the diffusion and convection of more 
polyelectrolytes and cells towards the interface, where little “whirl-pools” were 
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generated and observed. The cells were “trapped” and encapsulated into the fiber and 
the “whirl-pools” continued to push more polyelectrolyte and cells towards the 
interface area until the fiber terminated.  
The morphology adopted by hMSCs-encap and hMSCs-seed is clearly distinct. hMSC-
encap are spherical or elliptical in shape and the tiny actin filament extensions 
observed suggests that these cells are able to establish focal adhesions within the fibers 
and extend their actin filaments along the fiber axis. In comparison, hMSCs-seed 
adhere well onto the fibers, and the actin filaments are more organized, with a 
propensity of orienting along the fiber axis.  
Both hMSCs-encap and hMSC-seed systems have their advantages in tissue 
engineering applications. hMSCs encapsulated in the PEC fibers were shown not to 
differentiate spontaneously and therefore this system is an excellent candidate for co-
culture studies and 3D tissue constructs where layers of different cells can be 
assembled together.  
On the other hand, hMSCs seeded onto PEC were shown to align and orientate 
according to the fiber topography and as a scaffold construct, the PEC fibers can be 
used in applications where directional cell growth and elongation in scaffolds are 
important. 
 
5.8.2 mRNA Expressions 
hMSCs have the potential to differentiate to various lineages [90]. As hMSCs adopted 
different morphologies when encapsulated within and seeded onto PEC fibers, the 
                                            Chapter 5: hMSCs Seeding & Encapsulation in PEC Fibers  
 
  Page 89 
possibility of the cells undergoing differentiation under such conditions was 
investigated. The expression of early markers of chondrogenesis, osteogenesis, 
adipogenesis and neurogenesis, suggested that hMSCs maintained their pluripotent 
differentiation potential for at least 7 days, despite of the significant morphological 
changes. By 14 days, the hMSC-seed expressed genes that were specific to neuronal 
lineage, as evidenced by the appearance of MAP2, a dendrite-specific microtubule-
associated protein found specifically in dendritic branching neurons [91]. This gene is 
thought to be involved in microtubule assembly, an essential step in neurogenesis. 
MAP2 expression was down-regulated in hMSC-encap samples compared to the 
control, but in contrast upregulated in hMSCs-seed samples. By day 21, MAP2 
expression in hMSCs-seed samples was 3-fold higher compared to the control (see 
Figure 5.6).   
 
Figure 5.6: Quantification of gene expression of hMSC encapsulated in fibrous 
scaffold and hMSC seeded scaffold using ImageJ. The values are normalised with the 
beta-actin expression in each sample. (n = 3) 
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The trend observed is hypothesized to be related to the morphology adopted by the 
hMSC in different culture configurations. On TCPS control, the hMSC harvested after 
7 days of expansion showed a spindle shape at near confluent state and a low MAP2 
expression. Seeded on the PEC fibers, hMSC adopted a more elongated morphology 
than the control with an occasional dendritic appearance, and hence an upregulation of 
MAP2 consistent with previous results observed on nanogratings [92]. Encapsulated 
hMSC did not exhibit any dendritic cell features like hMSCs-seed and thus MAP2 
expression was downregulated in these samples.  
Noggin is an antagonist to bone morphogenetic proteins and promotes neurogenesis 
[91]. This gene was upregulated in both hMSCs-encap and hMSCs-seed by day 14. 
Aggrecan expression was also observed in seeded hMSCs at day 14 and 21. The 
aggrecan gene studied belongs to the aggrecan/versican proteoglycan family found 
abundant in the cartilagenous tissue and central nervous system (CNS). It is expressed 
in glial precursors and appears to play an important role in early neuronal development 
[93, 94]. Although the relation between aggrecan and neuronal development is still 
controversial, the expression of other genes such as Nestin, GFAP and Noggin seems 
to suggest that hMSCs-seed have the inclination to undergo neuronal differentiation.  
The presence of multiple lineage marker expressions in the hMSCs indicates that the 
scaffold itself does not direct the hMSCs into a particular lineage and hence it is a 
versatile system for different types of tissue.   This would be particularly useful where 
different layers of scaffolds co-encapsulated with hMSCs and specific inductive 
factors can drive differentiation accordingly to form a complex tissue engineering 
construct. 
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The IPC technique of encapsulating cells in fibers is to date, the only technique that 
allows 3D patterning of stem cells in a construct. Where uniform cell distribution in a 
macroporous scaffold is usually a challenge, the PEC fibrous scaffold bypasses this 
issue since the cells are incorporated into each fiber strands and the semipermeable 
porous nature of the scaffold can facilitate waste/nutrient exchange. A highly 
cellularised construct can be achieved by increasing the layers of cell-encapsulated 
PEC fibers. Finally, this cell encapsulation technology can also be extended to 3D co-
culture studies where one cell type is encapsulated to serve as a stromal layer to 
provide support for a different cell type seeded on the fibers.  
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Chapter 6: hMSC and C2C12 Cell Culture on Polypyrrole-
incorporated PEC Fibers in an Electrically Stimulated Environment  
 
6.1 Introduction 
The aim of this chapter is to evaluate the potential of the novel polypyrrole 
incorporated material we have developed as a suitable biomaterial for tissue 
engineering scaffolds. In Chapter 3, we have employed interfacial polyelectrolyte 
complexation-based strategy that incorporates FeCl3-doped polypyrrole particles into 
the PEC fibers to afford novel 3-dimensional, electro-active biomaterial scaffolds that 
may be suitable for tissue engineering of skeletal muscles and neuronal tissues. 
C2C12 cells are myogenic cells derived from mouse muscle satellite cells and were 
from Bursac’s Lab in Duke University, USA. hMSCs used in this study were 
purchased from Cambrex (Poietics; Lonza, Switzerland). Both cell types are seeded on 
the polypyrrole-incorporated PEC fibers (PPyr-PEC) and cultured in the presence of an 
electrical stimulus and the expressions of specific protein and gene markers of these 
cells are studied and presented in this chapter. 
 
6.2 Electrical Stimulation Setup 
A cell culture electrical stimulation setup was built in-house. We remove the cover lid 
of a 6-well culture plate and drilled 8 slits of size 0.5mm on the lid, as shown in Figure 
6.1. 8 pieces of rectangular platinum (Pt) strips with dimensions 25mm x 0.1mm x 
28mm (Alfa Aesar USA) were placed through the slits and fixed in place with medical 
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grade silicone adhesive. When dried, the cover plate bearing the Pt strips were checked 
to make sure that the Pt strips were firmly in place and that there were no gaps 
between the strips and the slits. Copper wires were soldered on the top of each Pt strips 
to connect the 4 wells in series and the setup was hooked to the signal generator and a 
multimeter was used to make sure there were no loose or disconnected wires and Pt 
strips. The cover lid was sterilised by soaking in 70% ethanol overnight and left to dry 
in a BSC before use. 
The fiber samples are placed in each well, secured with a Teflon ring and an electrical 
pulse will pass through the well through the Pt strips and cell culture medium to 
stimulate the cells seeded on the fiber samples.  
The pulse generator (HP function generator 33120A, Singapore) was programmed to 
generate square biphasic waves of 5.2V to the entire setup so that square waveform 
electrical pulses of 1.2V with pulse duration of 5 ms will be delivered into each well at 
a frequency of 200 Hz. The electrical stimulation setup was connected to an 
oscilloscope to ensure electrical pulses delivered to the cell wells were of the 
mentioned pulse duration, frequency and voltage before commencement of the cell 
culture studies.  
 




Figure 6.1: Electrical stimulation setup. A 6 well culture plate cover was modified so 
that Pt strips could be slotted through the cover plate and fixed to deliver electrical 
pulses into each of the cell well. (A) The 6 well culture plate is connected to the 
function generator and the culture plate will be placed in the cell culture incubator 
while stimulated. (B) Close up view of each well. The fiber sample was placed 
between the Pt strips and a Teflon ring was used to secure the sample in the well. (C) 
Close up view of the 6 well culture plate with the wires connecting each well to the 
function generator.  
 
6.3 Fiber Preparation 
The PPyr-PEC fibers were prepared in the protocol mentioned in Chapter 3. The fibers 
were placed on 15mm glass coverslips and sterilised by soaking in 70% ethanol for 30 
minutes before 3 hours of UV irradiation. The samples were washed 3 times with 
sterile PBS before use.  




6.4 Cell culture  
hMSCs between passages 4 to 7 were used for this study. The cells were cultured in 
mesenchymal stem cell growth medium (Poietics, Lonza, Switzerland, MSCGMTM), 
trypsinized from T25 tissue culture flasks and 200 µL of cell suspension containing 
about 7000 cells were added to each fiber sample for 30 minutes. A Teflon ring was 
placed on each of the fiber sample to keep the sample in place and 4.8 mL of fresh 
growth medium was added to the 6 well culture plate and the samples were incubated 
at 37oC with 5% CO2. After 24 hours of cell seeding, the 6 well cell culture plate was 
replaced with the cover plate with platinum foils, hooked onto the function generator 
and electrically stimulated for 5 and 10 days. The cell culture medium was changed 
every day. Another set of hMSCs seeded on polypyrrole-incorporated PEC fibers were 
prepared and hMSCs seeded on glass coverslips were used as control. They were 
prepared in the same manner as described above but they were not electrically 
stimulated with the function generator. 
C2C12 cells of passage 2 was expanded in DMEM supplemented with 20% FBS and 
1% Penicillin-Streptomycin. When they are 80% confluent, the cells were washed with 
sterile 1X PBS and incubated with 0.25x Trypsin for 5 minutes at 37oC for the cells to 
detach from the tissue culture flasks. 200 µL of cell suspension containing about 7000 
cells were added to each fiber sample for 30 minutes and Teflon rings were added to 
secure the samples in the 6 well culture plates. The cells were cultured for 2 days 
before switching to differentiation medium (DMEM with 2% horse serum and 1% 
Penicillin-Streptomycin) to induce terminal differentiation. After 24 hours of culture, 
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the cells were stimulated with the function generator for 5 and 10 days. C2C12 cells 
were seeded on polypyrrole-incorporated PEC fibers were cultured concurrently 
without electrical stimulus for comparison and C2C12 seeded on glass coverslips were 
used as control. 
 
6.5 Proliferation Assay  
The cell viability and proliferation of the cells were verified by Alamar Blue assay. At 
day 5 and day 10 of electrical stimulation, the fibers containing hMSCs and C2C12 
were incubated with 400µL of cell culture medium containing 40µL of Alamar Blue 
solution for 3 hours. The medium was removed and fluorescence intensity readings 
were taken at excitation and emission wavelengths of 544 nm and 590 nm respectively. 
The readings were normalised with readings obtained from blank controls. 
The electrical stimulation effects on hMSC viability are presented in Figure 6.2. 
hMSCs were seeded on PyrPEC fibers and one set of samples (ES PyrPEC fibers) was 
subjected to electrical stimulus for 5 and 10 days while another set (PyrPEC fibers) 
was cultured under the same conditions without electrical stimulus. It is observed that 
with electrical stimulus, hMSC proliferation at day 5 was higher than those that were 
not stimulated. However, at day 10, the reverse was observed: hMSC proliferation rate 
at day 10 under the influence of an electrical stimulus was lower than those that were 
not stimulated, indicating that prolonged electrical stimulus on hMSCs grown under 
these culture conditions may have a detrimental effect on its viability and proliferation.  
 




























Figure 6.2: hMSC proliferation at day 5 and day 10. ES Pyr-PEC refers to hMSCs 
grown on polypyrrole PEC samples and electrically stimulated. Pyr-PEC refers to 
hMSCs grown on polypyrrole PEC samples, non stimulated. Statistical significance: * 
p < 0.0001 (between ES Pyr-PEC and Pyr-PEC at day 5), ** p < 0.0001 (between Pyr-
PEC samples at day 5 and 10)  
 
Student t tests were performed on the data and to evaluate statistical significance and 
significance level was set at p < 0.01. 
hMSC proliferation under electrical stimulation at day 5 was significantly higher than 
those that were not stimulated. Using student t tests to evaluate statistical significance, 
the probability of the statistical analysis, p, assuming the null hypothesis was less than 
0.0001 (see * in Figure 6.2). The data obtained for non-stimulated samples between 
day 5 and day 10 were also significantly different, with p < 0.0001 (see ** in Figure 
6.2).  
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At day 10, hMSC proliferation under electrical stimulus was significantly lower than 
non stimulated hMSC (p = 0.0045). There was no significant difference between 
stimulated hMSCs on day 5 and day 10 as p was calculated to be 0.017.  
Figure 6.3 shows the electrical stimulation effects on C2C12 cells seeded on PyrPEC 
fibers. The C2C12 response to electrical stimulus is clearly different from that of 
hMSCs. At day 5 of stimulus, C2C12 proliferation rate was higher than those that were 
not stimulated and this was also observed at day 10. The results suggest that different 
cell types respond differently to electrical stimulus and this stimulus has been shown to 




Figure 6.3: C2C12 proliferation at day 5 and day 10. ES Pyr-PEC refers to C2C12 
grown on polypyrrole PEC samples and electrically stimulated. Pyr-PEC refers to 
C2C12 grown on polypyrrole PEC samples, non stimulated. * p < 0.0001 between ES 
PyrPEC and PyrPEC at day 5. 




Student t tests were performed on the data and the results obtained for C2C12 
stimulated and non stimulated at day 5 were significantly different (p < 0.0001). There 
was no significant difference between stimulated and non stimulated C2C12 samples 
at day 10.  
 
6.6 Immunostaining of Differentiation Markers and Proteins 
The samples were fixed with 4% paraformaldehyde for 20 minutes, permeabilised in 
0.1% Triton X-100 for 20 minutes and blocked with 3% BSA for 1 hour at room 
temperature. 
 
6.6.1 Expression of Neuronal Markers in hMSCs 
The hMCs samples were stained with sequentially with rabbit anti-β tubulin III (Sigma 
Aldrich, Singapore) and goat anti-MAP 2 (Santa Cruz Biotechnology, USA) 
antibodies, rabbit anti-synaptophysin, goat anti-connexin 43 and TRITC phalloidin. 
Alexa Fluor 488 and 568 anti-goat and Alexa Fluor 488 and 568 anti-rabbit secondary 
antibodies purchased from Invitrogen Singapore were used for this study. 
The samples were incubated with the first primary antibody at a dilution of 1:50 
overnight at 4oC and washed 3 times with 0.05% Triton X-100 in PBS. The first 
secondary antibody (either Alexa Fluor anti-goat or anti-rabbit secondary) were added 
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to the samples at a dilution of 1:200 and incubated for 1 hour at room temperature in 
the dark.  
The samples were blocked with 3% BSA for 1 hour in the dark at room temperature 
and were incubated with the second primary antibody (1:50 dilution). They were 
washed 3 times before they were incubated with secondary antibody for 1 hour in the 
dark and washed 3 times for 5 minutes each. For F-actin staining, the samples were 
incubated with TRITC phalloidin at a dilution of 1:500 for 20 minutes at room 
temperature. All samples were counterstained with DAPI (1:2500 dilution), mounted 
and viewed under a confocal microscope.  
Immunofluorescent stained confocal images of neuronal markers in hMSCs samples 
on day 5 are presented in Figure 6.4.  
β tubulin III were found in hMSCs cultured on PPyrPEC fibers, electrically stimulated 
and non stimulated as well as hMSCs cultured on glass coverslips. MAP 2 expression 
was highest in hMSCs cultured on PPyrPEC and ES PPyrPEC fibers. The expression 
was very weak in hMSCs on glass coverslips. Connexin 43, a gap junction protein was 
expressed in hMSCs on glass and was weakly expressed in hMSCs on ES PPyrPEC 
fibers. This protein was not expressed in hMSCs cultured on PPyrPEC fibers.  
 




Figure 6.4: Immunofluorescent staining of β tubulin III, MAP 2, connexin 43 and 
synaptophysin in hMSCs cultured on PPyrPEC fibers in the presence of electrical 
stimulation (ES PPyrPEC fibers), PPyrPEC fibers without electrical stimulation 
(PPyrPEC fibers) and on glass coverslips at day 5. The cell nuclei in all panels were 
stained with DAPI and shown in blue.  




Synaptophysin expression varied greatly in all 3 hMSCs samples at day 5. 
Synaptophysin was highly expressed and organised into filaments in hMSCs cultured 
on ES PPyrPEC fibers. hMSCs cultured on PPyrPEC fibers and on glass coverslips 
showed the presence of  synaptophysin but the expression was comparatively weaker 
and the filament-like organization of the neuronal marker was absent. This suggests 
that hMSCs cultured on ES PPyrPEC fibers are responding to the electrical stimulus 
by upregulating synaptophysin expression and forming synapse formation. 
Imunofluorescent stained confocal images of neuronal markers in hMSCs samples on 
day 10 are presented in Figure 6.5.  
 




Figure 6.5: Immunofluorescent staining of β tubulin III, MAP 2 and synaptophysin in 
hMSCs cultured on PPyrPEC fibers in the presence of electrical stimulation (ES 
PPyrPEC fibers), PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and 
on glass coverslips at day 10. The cell nuclei in all panels were stained with DAPI and 
shown in blue. 
 
The expression of β tubulin III was detected in all hMSC samples, similar to the hMSC 
samples immunostained at day 5. MAP 2 expression was downregulated in hMSCs 
cultured on ES PPyrPEC fibers and the expression was very weak and almost 
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undetectable with confocal fluorescent imaging. hMSCs cultured on PPyrPEC fibers 
and on glass coverslips showed upregulation of MAP 2 expression by day 10. 
Synaptophysin expression remained high in hMSCs on ES PPyrPEC fibers, with the 
same filament-like arrangement. hMSCs on PPyrPEC fibers showed upregulation of 
synaptophysin as well as hMSCs on glass coverslips by day 10. Filament-like 
organization of synaptophysin was not detected in hMSCs on PPyrPEC fibers and 
glass coverslips and the expression was comparatively weakest in hMSCs on glass 
coverslips. 
 
6.6.1.1 Synaptophysin Expression in hMSCs 
To determine if the upregulation of synaptophysin was due to electrical stimulus or if it 
was cultured on PPyrPEC fibers or effects from both, hMSCs were cultured on glass 
coverslips and one batch was cultured in the presence of an electrical stimulus for 5 
and 10 days. PEC fibers were also prepared and seeded with hMSCs for comparison. 
The samples were fixed and stained for synaptophysin and compared with hMSCs 
cultured on PPyrPEC fibers with the same conditions. The results obtained are 
presented in Figure 6.6. 




Figure 6.6: The distribution of synaptophysin in hMSCs seeded on PEC and PPyr-PEC 
fibers, stimulated and non stimulated as well as on glass coverslips which are used as 
controls is shown in red. The cell nuclei in all panels were stained with DAPI and 
shown in blue.   
 
At day 5, synaptophysin was highly expressed and organized into filaments in ES 
PPyr-PEC samples, suggesting that hMSCs were responding to the electrical stimulus 
and forming synapse connection. The synaptophysin expression in PPyr-PEC, PEC, 
ES PEC and control samples was significantly weaker and the filament-like 
organization was absent.  
At day 10, the filament-like organization of synaptophysin in ES PPyr-PEC samples 
was not as evident as in day 5 while the hMSCs in PPyr-PEC samples showed 
synaptophysin upregulation and the cells adopted neuronal-like morphology, as 
indicated by the arrows in Figure 6.6. hMSCs in PEC, ES PEC and control samples 
expressed synaptophysin but did not adopt neuronal-like morphology.  
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6.6.1.2 Comparing β tubulin III and MAP 2 Expression in hMSCs 
hMSCs were seeded on PEC fibers and electrically stimulated in the same conditions 
as hMSCs cultured on ES PyrPEC fibers to determine if the changes in neuronal 
marker MAP2 expression was due to the material or prolonged electrical stimulation. 
The samples were fixed and stained after 10 days of culture and the obtained confocal 
images are presented in Figure 6.7. 
 
 
Figure 6.7: Immunofluorescent staining of β tubulin III and MAP 2 in hMSCs cultured 
on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC fibers); 
PPyrPEC fibers without electrical stimulation (PPyrPEC fibers), PEC fibers with 
electrical stimulation and on glass coverslips without electrical stimulation at day 10. 
The cell nuclei in all panels were stained with DAPI and shown in blue. 
 
When hMSCs were cultured in PEC fibers and electrically stimulated continuously for 
10 days, β tubulin III and MAP2 expressions were evident although they are not as 
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highly expressed as hMSCs cultured in PPyrPEC fibers and glass coverslips without 
electrical stimulation.  
β tubulin III was highly expressed in hMSCs cultured on ES PPyrPEC fibers but 
MAP2 expression was very weak, indicating that the electrical stimulation may have 
an adverse effect on this neuronal marker expression as well.  
 
6.6.2 Expression of Skeletal and Cardiac Markers in C2C12 Cells 
The C2C12 samples were stained with sequentially with rabbit polyclonal anti 
troponin I, goat polyclonal anti desmin, rabbit polyclonal anti connexin 43, goat anti α-
actinin and rabbit polyclonal anti myosin heavy chain (Santz Cruz Biotechnology Inc, 
USA). The primary and secondary antibody dilutions used were 1:50 and 1:200 and 
the method was described in section 6.5.1. 
Desmin is a cytoskeletal intermediate filament which is expressed during skeletal 
muscle development and connexin 43 is a gap junction protein present in heart and 
brain tissue. Connexin 43 is thought to have a crucial role in the synchronized 
contraction of the heart where it is targeted by several protein kinases that regulate 
myocardial cell coupling.  
Both desmin and connexin 43 were sequentially labelled in C2C12 cells cultured on 
ES PPyrPEC fibers, PPyrPEC fibers and glass coverslips. The immunofluorescent 
confocal images were obtained at day 5 of culture and presented in Figure 6.8. 
 




Figure 6.8: Immunofluorescent staining of desmin and connexin 43 in C2C12 cells 
cultured on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC 
fibers); PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and on glass 
coverslips without electrical stimulation at day 5. The images were overlayed to show 
the distribution of desmin and connexin 43 in the samples. The cell nuclei in all panels 
were stained with DAPI and shown in blue. 
 
Desmin was expressed in all C2C12 samples and in C2C12 cultured on glass 
coverslips, desmin was present mainly in myotubes. Myotubes are formed when 
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C2C12 cells undergo terminal differentiation. Connexin 43 was not expressed in 
C2C12 cultured on glass coverslips but it was expressed in C2C12 cultured on ES 
PPyrPEC and PPyrPEC fibers.  
 
 
Figure 6.9: Immunofluorescent staining of desmin and connexin 43 in C2C12 cells 
cultured on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC 
fibers); PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and on glass 
coverslips without electrical stimulation at day 10. The cell nuclei in all panels were 
stained with DAPI and shown in blue. 
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Figure 6.9 shows the immunostaining of desmin and connexin 43 in C2C12 cells at 
day 10. More myotubes were observed and both desmin and connexin 43 were found 
to be highly expressed in all C2C12 samples. 
Desmin form fibrous network connecting myofibrils to each other and to the plasma 
membrane from the periphery of the Z line structures in adult striated muscle cells. It is 
one of the earliest protein markers for muscle development and it is expressed at low 
levels [95] in the early muscle development and increases as the cells approaches 
terminal differentiation. The obtained confocal images of desmin in C2C12 cells was 
found to be highly expressed in all samples, indicating that majority of the cells at day 
10 have approached terminal differentiation.  
α-actinin is an actin binding protein present in both muscle and non-muscle cells. In 
skeletal muscle cells, α-actinin is associated with the z-dics that define muscle 
sarcomeres. Myosin heavy chain (MYH) is a protein that is expressed by skeletal and 
cardiac muscle cells.  
Both proteins were sequentially labelled in C2C12 cultured on ES PPyrPEC fibers, 
PPyrPEC fibers and glass coverslips. The immunofluorescent confocal images were 
obtained at day 5 of culture and presented in Figure 6.10. 
 




Figure 6.10: Immunofluorescent staining of α-actinin and MYH in C2C12 cells 
cultured on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC 
fibers); PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and on glass 
coverslips without electrical stimulation at day 5. The cell nuclei in all panels were 
stained with DAPI and shown in blue. 
 
At day 5, C2C12 cells cultured on ES PPyrPEC fibers were a mixture of spherical and 
elongated cells and α-actinin and MYH were expressed by all cells. α-actinin and 
MYH expressions were different in C2C12 cultured on PPyrPEC fibers as they were 
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only present in myotubes. MYH expression was absent in C2C12 cultured in glass 
coverslips and α-actinin was only expressed in myotubes. 
 
 
Figure 6.11: Immunofluorescent staining of α-actinin and MYH in C2C12 cells 
cultured on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC 
fibers); PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and on glass 
coverslips without electrical stimulation at day 10. The cell nuclei in all panels were 
stained with DAPI and shown in blue. 
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Figure 6.11 shows the α-actinin and MYH expressions in C2C12 samples at day 10.  
α-actinin and MYH were expressed in all C2C12 samples. α-actinin and MYH were 
highly expressed in C2C12 cells on ES PPyrPEC fibers while α-actinin an MYH were 
mainly expressed in myotubes in C2C12 cells on PPyrPEC fibers and MYH expression 
was comparatively weaker than C2C12 cells that were electrically stimulated. Both 
protein expressions were also localised in myotubes for C2C12 cultured on glass 
coverslips and it was observed that the myotubes in the glass coverslips have fused 
with one another.  
Troponin I is present in skeletal and cardiac muscle cells and this protein was 
sequentially labelled with F-actin in C2C12 cells cultured on ES PPyrPEC fibers, 
PPyrPEC fibers and glass coverslips. The immunofluorescent confocal images were 
obtained at day 5 of culture and presented in Figure 6.12. 
 




Figure 6.12: Immunofluorescent staining of Troponin I and F-actin in C2C12 cells 
cultured on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC 
fibers); PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and on glass 
coverslips without electrical stimulation at day 5. The cell nuclei in all panels were 
stained with DAPI and shown in blue. 
 
At day 5, Troponin I was present mainly in myotubes for C2C12 cells cultured on ES 
PPyrPEC and PPyrPEC fibers. Troponin I was present in myotubes as well as 
individual C2C12 cells on glass coverslips. F-actin filaments were concentrated in the 
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periphery of myotubes in C2C12 on ES PPyrPEC fibers. In C2C12 cells cultured on 
glass coverslips, F-actin filaments were concentrated in myotubes and they were 
uniformly distributed within the myotubes structures.   
 
 
Figure 6.13: Immunofluorescent staining of Troponin I and F-actin in C2C12 cells 
cultured on PPyrPEC fibers in the presence of electrical stimulation (ES PPyrPEC 
fibers); PPyrPEC fibers without electrical stimulation (PPyrPEC fibers) and on glass 
coverslips without electrical stimulation at day 10. The cell nuclei in all panels were 
stained with DAPI and shown in blue. 




By day 10, Troponin I expression and F-actin distribution were similar for all C2C12 
samples and the obtained images are presented in Figure 6.13.  At high magnification, 
it was observed that some C2C12 cells showed presence of cross striations, which 
indicate that the cells are forming contractile apparatus when cultured on PPyrPEC 
fibers with and without electrical stimulation. This cross striations were not observed 
on C2C12 cultured on glass coverslips. (See Figure 6.14) 
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Figure 6.14: Immunostaining of Troponin I (green) and F-actin (red) in C2C12 cells 
cultured in ES PPyrPEC fibers (A) and PPyrPEC fibers (B) at day 10. The arrows 
indicate the presence of cross-striations. 
 
6.7 Reverse Transcriptase-PCR studies of hMSCs seeded on PPyr-PEC and 
PEC Fibers 
hMSCs samples were stabilized with RNAlater RNA stabilization Reagent (Qiagen, 
Singapore) and homogenized with QIAshredder. The RNA was isolated with RNeasy 
Minikit (Qiagen, Singapore). Synthesis and amplification of cDNA was carried out 
with Qiagen One-step RT-PCR kit with primers listed in Table 6.1 at an annealing 
temperature of 62oC. 38 cycles of PCR were carried out on a MJ Research PTC 100 
Thermal Cycler and the PCR products were resolved in 1.2% agarose gel in 1x TAE 
buffer (75V at 10cm).   
Table 6.1: Primers used for mRNA expression studies of hMSCs cultured on PPyr-




















































The expressions of neural markers in hMSCs seeded on PPyr-PEC and PEC fibers are 
shown in Figure 6.15. β tubulin III was present in all samples while GFAP expression 
was absent. At day 5, MAP2 was expressed in ES PPyr-PEC samples but absent in ES 
PEC, PPyr-PEC, PEC and control samples. The results suggest that the presence of 
polypyrrole in the fibers together with the application of an external electrical stimulus 
provided the appropriate conditions for MAP2 expression by day 5. By day 10, MAP2 
was expressed in all samples. 




Figure 6.15: mRNA expressions of hMSCs cultured on PPyr-PEC and PEC fibers are 
presented and the sole effects of the polypyrrole on hMSCs can be observed.  
 
At day 10, nestin was expressed by hMSCs in ES PPyr-PEC and PPyr-PEC samples. 
The expression was comparatively weaker in ES PEC and control samples. Nestin 
expression was absent in PEC samples. Noggin and neurofilament were only expressed 
in PPyr-PEC fibers at day 10. Both ES PPyr-PEC and ES PEC samples showed similar 
mRNA expression profiles as the control samples.  
 
6.8 Discussion 
As electroactive polypyrrole particles have been incorporated into the collagen-
terpolymer PEC fibers, an electroactive polyelectrolyte complex fiber system bearing 
both collagen proteins and an electroactive material is presented. The appeal of this 
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material is undeniable, with collagen on the fiber surface to support cellular adhesion 
and polypyrrole particles within the fibers to stimulate electroactivity in the cell culture 
environment. In this study, we demonstrated the potential of polypyrrole incorporated 
PEC fibers as a suitable biomaterial for the culture of skeletal myoblasts such as 
C2C12 cells and adult stem cells such as hMSCs in the presence of electrical 
stimulation.  
Muscle and neuronal cells have been stimulated with electrical pulses of voltage range 
5 to 40 V, pulse duration time between 2 to 5ms and frequencies between 0.5 to 2 Hz 
[51, 53, 55, 56]. For cardiac tissue engineering, electrical square pulses of 1 to 5 ms 
duration at 1 Hz and 5 V/cm [51] correspond to the excitation threshold of 
cardiomyocyte contraction and they have been used to stimulate cardiomyocytes, 
myoblasts functional assembly and contraction [55, 56]. 
We attempted to mimic the physiological microenvironment of neuronal and skeletal 
muscle tissues by introducing an external electrical stimulus to generate electrical 
pulses in hMSC and C2C12 cultures.  
However, the function generator we have has limited flexibility in producing electrical 
pulses that are similar to the native electrophysiological signals in muscle and neuronal 
tissues. The generator could not produce short electrical square pulses at 1 Hz as both 
pulse duration time and pulse frequency are programmed to be co-dependent. Thus, we 
kept the pulse frequency to 200 Hz to produce electrical pulses of 5 ms and to prevent 
overheating of the electrical setup. Despite the limitation, the results obtained from this 
study have yielded some interesting findings. 
                                           Chapter 6: hMSC & C2C12 cell culture on PPyr-PEC fibers  
 
  Page 122 
hMSCs and C2C12 cells were cultured on PPyrPEC fibers with and without electrical 
stimulus so the influence of the PPyrPEC fibers on the cells can be observed and 
studied. 
In C2C12 cells, electrical stimulation has shown to promote proliferation for at least 10 
days. Connexin 43, a gap junction protein required or electrical communication 
between cells was expressed by cells grown on PPyrPEC fibers and not by cells grown 
on glass coverslips. The addition of electrical stimulus appeared to have increased 
Connexin 43 expression, suggesting that C2C12 cells were establishing contact and 
communicating electrically with one another. This observation appeared to be 
significant in the early stages of culture as by day 10, Connexin 43 was highly 
expressed by all C2C12 samples.  
MYH which is a myosin heavy chain was only expressed by cells on PPyrPEC fibers 
and absent in glass controls at day 5 and the presence of striations in some C2C12 cells 
cultured on PPyrPEC fibers at day 10 also indicate that cells cultured on these fibers 
are forming contractile apparatus and are capable of contracting in response to 
electrical stimulation.  
Electrical stimulation promoted hMSC proliferation as Alamar Blue assay showed 
increased in proliferation at day 5 but this was not sustained at day 10. hMSCs cultured 
on the same PPyrPEC fibers but in the absence of electrical stimulus showed increased 
proliferation at day 10. The decrease in hMSC proliferation could indicate two 
possibilities: that prolonged exposure to electrical stimulation could either 
compromised hMSC survival or directed hMSC to differentiation.  
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MAP2 is a neuronal marker and a dendrite-specific microtubule-associated protein 
found specifically in dendritic branching neurons. This gene is thought to be involved 
in microtubule assembly and thus plays an essential role in determining and stabilizing 
the dendritic cell shape during neuron development. We observed in our previous 
study [46] that MAP2 mRNA expression on PEC fibers is usually detected from day 7, 
when the cells start to align along the PEC fibers.  
When seeded on ES PPyr-PEC samples, MAP2 expression is detected by day 5 while 
hMSCs seeded on PPyr-PEC and ES PEC samples do not express MAP2 at the same 
time point (Figure 6.15). This observation suggests that the presence of an external 
electrical stimulus together with the polypyrrole particles in the fiber matrix could 
have provided a microenvironment that promotes the early expression of MAP2 in 
hMSCs. However, this expression was downregulated significantly by day 10 and 
hMSCs that were not stimulated by an external electrical source continued to 
upregulate MAP2 expression by day 10.  
Synaptophysin is a synaptic vesicle glycoprotein found in neurons and it participates in 
synaptic transmissions. The protein expression in ES PPyr-PEC samples shows 
filament-like organization at day 5 (see Figure 6.6). Such organization of the protein is 
not detected in PPyr-PEC and ES PEC samples at the same time point. The cell-to-cell 
synaptic transmission appeared enhanced in ES PPyr-PEC samples which, together 
with the observation in MAP2 expressions; demonstrates the synergic combination of 
a polypyrrole-incorporated fiber matrix and an external electrical stimulus in inducing 
hMSCs to express neuronal genes.  
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Prolonged electrical stimulation has also downregulated synaptophysin in hMSCs 
cultured on glass controls at day 10 but this protein was highly expressed in hMSCs 
that were subjected to the same electrical stimulation but were cultured on PPyr-PEC 
fibers. This suggests that PyrPEC fibers; having electroactive polypyrrole particles 
dispersed throughout the fibers, could have served as an effective conduit for cells to 
establish synapse formation and electrical communication with one another in the 
presence of an electrical stimulus. 
However, this stimulus needs moderation, as the continuous external electrical 
stimulus harms the proliferation and viability of the attached hMSCs, accompanied by 
a down-regulation of the MAP2 protein expression. Although the immunofluorescent 
staining of MAP2 expression in ES PEC samples is weaker than the PPyr-PEC 
samples, the results collectively suggest that the incorporation of polypyrrole in the 
fibers or the use of external electrical stimulation alone does not cause the severe 
downregulation of the neuronal marker in ES PPyr-PEC samples. Instead, it suggests 
that prolonged electrical stimulation is detrimental to the hMSCs and the adverse 
impact is more pronounced when polypyrrole particles are present in the fiber matrix 
to enhance the electrical signaling within the cells. The loss of filament-like 
organization of synaptophysin in ES PPyr-PEC samples at day 10 further cements our 
speculation on the possibility of overstimulating the hMSCs. The electrical stimulation 
parameters need to be optimized further as it is evident that stimulation of cultures at 
the early stage of culture does encourage the hMSCs to form synaptic transmissions 
and express neuronal-specific markers. However the extent of stimulation has to be 
moderated to avoid introducing cell stress and compromising cell viability.  
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At day 10, synaptophysin expression of hMSCs in PPyr-PEC samples has increased 
compared to day 5 and the cells have adopted a morphology that is similar to that of 
neurons in Figure 6.6. Noggin and neurofilament (NFL), both markers of neural 
specific cells are also expressed in PPyr-PEC samples. The cell morphology and 
expression of these markers are absent in PEC samples under the same culture 
conditions. These observations collectively suggest that polypyrrole particles in the 
fiber matrices are capable of interacting and mediating the electrical signaling process 
within the seeded hMSCs.  
Our proposed strategy of encapsulating pyrrole into PEC fibers via the inclusion 
complex and subsequent in situ polymerization with iron (III) chloride proves effective 
in the fabrication of 3D electroactive, collagen-based fibers. Favorable adhesion of 
hMSCs on the fibers is evident and possibility of cell-cell electrical signaling is also 
demonstrated. With optimization of the electrical stimulation and encapsulation of 
growth factors into the PPyr-PEC fibers, one can envision the potential of this system 
in providing a more conducive microenvironment for the differentiation of different 
sources of stem cells into the neuronal, muscle, or cardiac lineages.   
In conclusion, polypyrrole has been successfully incorporated into a collagen-based 
PEC fiber in a bid to create a biofunctional, electroactive fiber system for tissue 
engineering. The fibers have been shown to support the culture of hMSCs and C2C12 
cells and the material has been shown to induce certain expression of markers that are 
characteristic of neuronal and skeletal lineages in hMSCs and C2C12 cells 
respectively. Optimizing the electrical stimulus to mimic the electrophysiological 
conditions of the respective tissues may prevent the loss of hMSCs viability and 
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increase the percentage of C2C12 cells developing contractile apparatus and contract 
in response to electrical field stimulation. The interplay of a 3D architecture, fibrous 
topographical cue, and electroactivity should be attractive for the creation of a 
biomimetic microenvironment to facilitate the differentiation of inducible stem cells to 
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Chapter 7: Conclusions and Recommendations for Future Work 
7.1 Conclusions 
Polyelectrolyte complex fibers (PEC) are a new class of biomaterials used for tissue 
engineering applications. Fabrication of cell-encapsulated PEC fibers permits the 3D 
patterning of cells within a matrix, a first step towards the creation of a complex 
biological construct.  
The collagen-based composite PEC fibrous scaffold and the mild processing 
conditions support the viability and proliferation of cells encapsulated within the 
fibers. The mechanical properties of these fibers are superior compared to alginate-
chitosan PEC fibers. Each individual PEC fiber is a bundle of sub-micron collagen-
rich fibrils that appear to provide topographical guidance for encapsulated hMSCs to 
extend its actin filaments and seeded hMSCs to elongate and establish contact with one 
another. The mRNA expression studies indicate the conservation of hMSC 
pluripotency within the first 7 days of culture and the inclination of seeded hMSCs to 
express neuronal specific markers after prolonged culture.  
The study demonstrated that the fibrous scaffold does not direct hMSC differentiation 
to a particular lineage, preserves its pluripotency and thus the scaffold can be used for 
a variety of tissue regeneration applications.  
The polypyrrole incorporated PEC fibers supported the proliferation and 
differentiation of hMSCs and C2C12 cells in the presence of electrical stimulation. 
Expression of gap junction proteins in C2C12 cells and synaptophysin in hMSCs were 
                                                             Chapter 7: Conclusions and Recommendations  
 
  Page 128 
upregulated when the cells were cultured in the electroactive PEC fibers in the 
presence of electrical stimulation, implying the potential application of this scaffold as 
a construct that not only provides topographical cues, biological proteins such as 
collagen for cellular adhesion but also an electroactive component such as polypyrrole 
to improve the electrical interactions between cells.   
To conclude, we have achieved a biomimetic material which allows the flexibility of 
design and versatile for many tissue engineering applications. In particular, we have 
successfully incorporated an electroactive component to the system in a bid to create a 
biofunctional, electroactive fiber system for neuronal and muscular engineering. 
This study demonstrates the appeal of IPC for scaffold design in general and the 
promise of collagen-based hybrid fibers for tissue engineering scaffolds. It lays the 
foundation for building fibrous scaffold that permits 3D spatial cellular organization 
and multi-cellular tissue development. 
 
7.2 Recommendations for Future Work 
7.2.1 Design of Device for PEC Fiber Fabrication 
Although the device has improved the efficiency of PEC fiber drawing process, the 
initial fiber drawing and attachment of the fiber onto the roller needs to be automated 
to minimise supervision.  
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7.2.2 Electrical Stimulation of Cells Seeded on Electroactive PEC Fibers 
A pulse generator which can stimulate the hMSC and C2C12 cultures at relevant 
electrophysiological conditions for muscular and neuron tissue engineering studies is 
recommended so that the contractile activity within C2C12 cells could be studied and 
likewise, the hMSC viability under stimulation could be maintained. 
 
7.2.3 Co-culture Studies with Haematopoietic Stem Cells (HSCs) 
hMSC encapsulated collagen-terpolymer PEC fibers are spatially distributed and 
mimic the microenvironment of the native bone marrow.  
Haematopoietic stem cells (HSC) are blood progenitor cells [96]  in the bone marrow 
and they are used for clinical treatment of leukemia and other blood cell disorders. Due 
to its scarcity, ex vivo expansion of haematopoietic stem cells would be the most 
appropriate alternative in cord blood transplantations in adult patients. Recent studies 
have also shown a several fold increase in Total Nucleated Cell (TNC), committed 
HSC progenitor cells and CD34+ cells [97] in MSC-HSC co-cultures.   
Therefore, the hMSCs encapsulated PEC fibers would be a suitable stromal-scaffold 
for HSC co-culture studies as the hMSCs could provide the complex molecular cues 
that direct HSC cell renewal, proliferation and regulation of the differentiation and 
maturation of haematopoietic progeny.   
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7.2.4 Encapsulation of Neuronal Cells in PEC Fibers 
Different layers of PEC fibers encapsulated with nerve growth factor (NGF) and 
hMSCs can be assembled together to form a complex tissue construct for nerve 
regeneration. These fibers can be aligned to form an aligned tissue construct and 
cultured in neuronal induction medium. 
The sub-micron fibrils present in PEC fibers provide topographical cues necessary to 
aid cellular elongation and neurite extension. Collagen which has been to promote 
axonal growth and regeneration is present throughout the collagen-terpolymer PEC 
fibers. Encapsulating nerve growth factor into these fibers provides additional 
biochemical cues to induce neuronal differentiation in mesenchymal stem cells. 
Immunostaining of neuronal specific markers and real-time PCR will be used to 
examine the cytoskeletal organization and gene expression of the differentiated stem 
cells. 
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Sequence (5' - 3') 










 Reverse AGGTTCACCAGGTTCACCAGGATT 
 
















 Reverse TCATCAAGCTTCTGTCTGTGCCCT 










 Reverse ACCATCTGCCCAACCTGACAAGTA 
 




 Reverse TTCATAACTGTCCTTCCCACGGCT 
 




  Reverse TCTGTTACTTCCCTTTGCCCACCT 




































 Reverse GGCTGTTTGTTGGTTTCTGGCTGA 
 




  Reverse TCAGCCTTGCAGCACTTCTCTACA 










  Reverse ATCCTTCTCCCTTCTGCCCAAACA 
      













Appendix B.2 : Design of RT-PCR primers 
 
The primers were designed with the software provided by IDT technologies 
(http://www.idtdna.com/Scitools/Scitools.aspx).  The assession numbers of the genes 
of interests were obtained from PubMed database and they were fed into the 
PrimerQuest Program to retrieve the sequence as shown below: 
 
The primer lengths were kept at 24 bases long, with %GC content at 50% and the 
optimum primer melting temperature at 65oC. Once these inputs were fed into the 





Each of the sequences was checked for secondary structures, possibility of self-dimer 
and hetero-dimerisation with the Oligo Analyzer software (provided by IDT 









RNA is a biological macromolecule that serves a number of different functions. 
Messenger RNA (mRNA), transcribed from DNA, serves as a template for synthesis of 
proteins. Protein synthesis is carried out by ribosomes, which consist of ribosomal 
RNA (rRNA) and proteins. Amino acids for protein synthesis are delivered to the 
ribosome on transfer RNA (tRNA) molecules. RNAs are also part of riboproteins 
involved in RNA processing. 
 
For our work, we focused on the mRNAs of human mesenchymal stem cells (hMSCs) 
because the mRNA population represents how genes are expressed under any given set 
of conditions. Thus, using RT-PCR to analyze the hMSC mRNAs, a good reflection of 
the hMSC’s gene-expression profile can be obtained.  
RNA is relatively unstable compared to DNA because of the presence of ribonucleases 
(RNases) which are very stable, effective in very small quantities and they break down 
RNA molecules easily.  RNase contamination can come from human skin and dust 
particles and therefore the isolation and analysis of RNA requires specialized 
techniques.  
For reliable gene expression analysis, RNA stabilization of the samples is essential. 
The RNA has to be stabilized immediately because changes in gene expression pattern 




induction, all of which have to be avoided.  RNAlater purchased from Qiagen 
Singapore was used to permeate the hMSCs samples and stabilise and protect cellular 
RNA before RNA isolation and cleanup.  
RNA Isolation: Principle and Procedures 
RNA purification technology combines the selective binding properties of a silica-
based membrane with the speed of microspin technology. .A specialized high-salt 
buffer system allows up to 100 μg of RNA longer than 200 bases to bind to the 
RNeasy silica membrane. The hMSCs samples are first lysed and homogenized in the 
presence of a highly denaturing guanidine-thiocyanate–containing buffer, which 
immediately inactivates RNases to ensure purification of intact RNA. Ethanol is added 
to provide appropriate binding conditions and the sample is applied to an RNeasy mini 
spin column where the total RNA binds to the membrane and contaminants are 













1) Using commercially available kits QIAshredder and RNeasy Mini Kit from 
Qiagen Singapore, the hMSCs were lysed with 700µL of Buffer RLT and the 
lysate was pipetted directly into a QIAshredder spin column and centrifuged 
for 2 minutes at full speed.   
2) 1 volume of 70% ethanol was added to the homogenized lysate, mixed by 
pipetting and transferred to an RNeasy spin column. The column was 
centrifuged for 15s at 8000 xg and the flow-through was discarded.  
3) 350 μl Buffer RW1 was added to the RNeasy spin column and centrifuged for 
15s at 8000 x g to wash the spin column membrane and the flow through was 
discarded. 
4)  DNase Digestion was carried out at this step with RNase-Free DNase kit 
(Qiagen, cat. No. 79254). For RT-PCR applications which is sensitive to very 
small amount of DNA, this step enables further DNA removal which can 
enhance quality RNA yield. 
a. DNase I stock solution was prepared by adding 550 μl of the RNasefree 
water to the lyophilized DNase I and the solution was mixed gently by 
inverting the vial. 
b. 10 μl DNase I stock solution was added to 70 μl Buffer RDD and this 
mix was added directly to the RNeasy spin column membrane, and 
place on the benchtop (20–30°C) for 15 min. 
c. 350 μl Buffer RW1 was added to the RNeasy spin column and 
centrifuged for 15s at 8000 x g to wash the spin column membrane and 




5) 500 μl Buffer RPE was added to the RNeasy spin column and centrifuged for 
15s at 8000 x g to wash the spin column membrane and the flow through was 
discarded.   
6) 500 μl Buffer RPE was added to the RNeasy spin column and centrifuged for 2 
min at 8000 x g to wash the spin column membrane. The long centrifugation 
step helped to dry the spin column membrane and ensure that no ethanol is 
carried over during RNA elution. Residual ethanol may interfere with 
downstream reactions. 
7) The RNeasy spin column was carefully removed from the collection tube so 
that the column did not contact the flow through and was placed in a new 2 mL 
collection tube and centrifuged at full speed for 1 minute.  
8) The RNeasy spin column was placed in a new 1.5mL collection tube and 30μl 
RNase-free water was added directly to the spin column membrane and 
centrifuged for 1 minute at 8000 x g to elute the RNA. 
9) Step 8 was repeated with 20μl RNase-free water and the eluted RNA was 





Appendix B.4: Reverse-Transcriptase Polymeric Chain Reaction (RT-PCR) 
 
Introduction  
RT-PCR (reverse transcription-polymerase chain reaction) is one of the most sensitive 
techniques available for mRNA detection and quantitation. It combines the cDNA 
synthesis from RNA template with PCR to provide a rapid sensitive method for 
analyzing gene expression.  
There are 2 steps in RT-PCR; the first step is where complementary DNA (cDNA) is 
produced from the mRNA template using dNTPs, reverse transcriptase and gene 
specific primer in a reverse transcriptase buffer. When the reverse transcriptase 
reaction is completed, the cDNA that has been generated from the original single 
stranded DNA is amplified using polymerase chain reaction.  In this study, QIAGEN 
OneStep RT-PCR kit was used for the mRNA analysis of hMSCs.  
 
Procedure 
1. mRNA template, gene specific primer solutions, dNTP mix, 5x QIAGEN 
OneStep RT-PCR Buffer, and RNase-free water were thawed on ice and a master 
mix was prepared according to Table A. Table B shows the RNA concentration of 
the samples determined by spectrophotometry. 
2. The master mix was mixed thoroughly and appropriate volumes were dispensed 




3. The mRNA template was added to individual PCR tubes and the thermal cycler 
was run according to the program outlined in Table C.  
4. Once the reaction was completed, the samples were resolved in agar gel by 
electrophoresis.  
Table A: RT-PCR Master Mix 
 
Plate layout 
1 2 3 4 5 6 7 8 
A B-Actin B-Actin B-Actin B-Actin B-Actin B-Actin B-Actin B-Actin
B Collagen II Collagen II Collagen II Collagen II Collagen II Collagen II Collagen II Collagen II
C Albumin Albumin Albumin Albumin Albumin Albumin Albumin Albumin 
D CK18 CK18 CK18 CK18 CK18 CK18 CK18 CK18 
E Aggrecan Aggrecan Aggrecan Aggrecan Aggrecan Aggrecan Aggrecan Aggrecan 
F Collagen X Collagen X Collagen X Collagen X Collagen X Collagen X Collagen X Collagen X
G HNF4alpha HNF4alpha HNF4alpha HNF4alpha HNF4alpha HNF4alpha HNF4alpha HNF4alpha
H Collagen I Collagen I Collagen I Collagen I Collagen I Collagen I Collagen I Collagen I 
I MAP 2 MAP 2 MAP 2 MAP 2 MAP 2 MAP 2 MAP 2 MAP 2 
J Leptin Leptin Leptin Leptin Leptin Leptin Leptin Leptin 





primer after adding primer 
5x 5 440 42.0 42.0 
Q 5 440 42.0 42.0 
dNTP 1 88 8.4 8.4 
enzyme 1 88 8.4 8.4 
Rnase 
inhibitor 0.625 52.5 5.3 5.3 
primer A 0.15 1.3 
primer B 0.15 1.3 
RNA 2.5 
water 9.575   842.6 80.4 80.4 








1 2 3 4 5 6 7 8 
A B-Actin B-Actin B-Actin B-Actin B-Actin B-Actin B-Actin B-Actin 
B Noggin Noggin Noggin Noggin Noggin Noggin Noggin Noggin 
C Nestin Nestin Nestin Nestin Nestin Nestin Nestin Nestin 
D GFAP GFAP GFAP GFAP GFAP GFAP GFAP GFAP 
E AFP AFP AFP AFP AFP AFP AFP AFP
F CBFA-1 CBFA-1 CBFA-1 CBFA-1 CBFA-1 CBFA-1 CBFA-1 CBFA-1
G Osteocalcin Osteocalcin Osteocalcin Osteocalcin Osteocalcin Osteocalcin Osteocalcin Osteocalcin
H Osteopontin Osteopontin Osteopontin Osteopontin Osteopontin Osteopontin Osteopontin Osteopontin
I Osteonectin Osteonectin Osteonectin Osteonectin Osteonectin Osteonectin Osteonectin Osteonectin
J Sox 9 Sox 9 Sox 9 Sox 9 Sox 9 Sox 9 Sox 9 Sox 9 
K PPARGγ2 PPARGγ2 PPARGγ2 PPARGγ2 PPARGγ2 PPARGγ2 PPARGγ2 PPARGγ2 





primer after adding primer 
5x 5 484 42.0 42.0 
Q 5 484 42.0 42.0 
dNTP 1 96.8 8.4 8.4
enzyme 1 96.8 8.4 8.4 
Rnase 
inhibitor 0.625 57.75 5.3 5.3 
primer A 0.15 1.3 
primer B 0.15 1.3 
RNA 2.5
water 9.575   926.86   80.4 80.4 
Total 25 2146.21 186.5 189.0 
 
Table B: Calculation of hMSCs RNA concentrations 
 




factor volume (5) volume (10)
concentration  
(ul/ml)
1 D7 encap 0.0766 33.704 1.3 3.50 24.977169 9.636
2 D7 seeded 0.0903 39.732 1.6 4.12 15.61644 31.232877 9.636
3 D14 encap 0.0622 27.368 1.1 2.84 18.401826 9.636
4 D14 seeded 5/2 0.1105 48.62 1.9 5.05 20.22831 9.636
5 D14 seeded 9/2 0.1105 48.62 1.9 5.05 20.22831 9.636
6 D21 encap 0.0749 32.956 1.3 3.42 24.200913 9.636
7 D21 seeded 0.1166 51.304 2.1 5.32 21.621 9.636





Table C: Thermal cycler conditions 




Reverse transcription 30 50 
Initial PCR activation step  15 95 
3 step cycling:   
Denaturation 1 94 
Annealing 1 60 
Extension 1 72 
Number of cycles 33 cycles  
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